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ABSTRACT 
 
During the peak of the Millennium Drought in South Australia (1997-2010) historically low 
river levels triggered widespread riverbank collapse along the lower River Murray. The 
Millennium Drought failures represented rapid geomorphic change in a reach that is normally 
considered very stable and presented an unusual phenomenon, as bank failures are usually 
associated with floods and not prolonged drought. Geotechnical investigations undertaken 
during the drought identified a thick soft clay unit underlying riverbanks that failed and 
deemed it instrumental to failure. Its regional extent was not well known. This thesis is 
centrally concerned with this stratigraphic unit; how and when it formed, its regional extent, 
what it tells us about climate change, and what its geotechnical and geomorphic 
consequences are. Subsurface investigation of this unit revealed its regional extent along the 
River Murray between Blanchetown and Wellington (approx. 200km), characterised by fine-
grained clays and silts and preserving a laminated sequence at its downstream extent. This 
finding was unexpected for this fluvial setting. Investigation revealed that the unit was 
deposited within a central basin environment that formed in response to post-glacial sea level 
rise during the Holocene, resulting in a drowned valley setting. The Murray central basin 
sequestered sediments from the Murray-Darling Basin (MDB) for much of the Holocene (at 
least 3.3 to 7.6 ka), disrupting the sediment delivery offshore with implications for 
palaeoclimate interpretations from the offshore Murray Canyon marine cores. The Holocene 
legacy of the River Murray was instrumental in contributing to the Millennium Drought 
failures, predisposing riverbanks to fail through slow drawn-down during prolonged drought. 
Geomorphic mapping further revealed the role of antecedent controls in dictating the spatial 
distribution of failure along the River Murray, allowing for identification of failure prone 
zones for improved management of the riverbank collapse hazard. The unit also preserves the 
first multi-millennial palaeoflood record for the Murray-Darling Basin, a proxy record of 
eastern Australia’s hydroclimatic variability, crucial for establishing long-term records of 
hydroclimate variability for water security management in the MDB. Overall, this study 
provides a detailed understanding of riverbank collapse for the lower Murray, which will 
improve management strategies for this region with social-economic implications. It also 
represents a paradigm shift in our comprehension of the lower Murray with evidence of a 
central basin environment during the Holocene. Understanding the filling of the Murray 
central basin changes the way we interpret the offshore sediment records, and existing 
palaeoclimate reconstructions that rely on them. Finally, the palaeoflood record preserved in 
the Coonambidgal Formation presents opportunities for documenting climate extremes and 
the overall hydroclimatic history of the MDB at an unprecedented resolution. Future work on 
this palaeoflood archive will further our understanding of water availability in the MDB with 
implications for management of Australia’s food bowl. 
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1 CHAPTER 1 
 
1.1 Introduction 
 
Australia experiences high hydroclimatic variability and is known for its climate extremes – a 
land of droughts and flooding rains. The recent Millennium Drought (1997-2010), 
Australia’s ‘Big Dry’, was the most severe drought in ~120 years of climate records, with 
lower than average rainfall across eastern Australia and significant reductions in streamflow 
in the Murray Darling Basin (MDB) (CSIRO, 2010, van Dijk et al., 2013). The MDB covers 
14% of Australia’s landmass and is considered the nations ‘food bowl’ of high economic, 
agricultural, social and environmental importance. During the Millennium Drought (1997-
2010), the lower River Murray at the terminus of the MDB was particularly hard hit, with 
river levels falling 1.8 metres below the normal range. This extreme fall in river level 
triggered widespread mass-failure of the lower Murray’s riverbanks over an approx. 200 km 
reach between Blanchetown and Wellington in South Australia (Figure 1.1)(Hubble et al., 
2015). These drought-induced failures represented rapid geomorphic change in a reach that is 
normally considered very stable (Rutherfurd, 1991, Thoms and Walker, 1993) and presented 
a significant risk to social and economic assets (people, property, public utility) along the 
River Murray, with near catastrophic consequences (potential loss of life). Further, the 
Millennium Drought failures were a highly unusual phenomenon, as bank failures are 
typically associated with the recession of floods rather than with droughts. Geotechnical 
investigations undertaken during the drought revealed the existence of a soft, thick clay-unit 
between 1-20 metres below ground level, and concluded that “during periods of low river 
level it should be assumed that riverbank collapse could occur where the riverbanks are 
underlain by the soft clay” (Sinclair Knight Mertz., 2010, Coffey Geotechnics., 2012). 
Riverbank collapse was a result of slow draw-down in the low permeability muds, pore-water 
pressures unable to drain in tandem with falling river levels and reducing the Factor of Safety 
for riverbanks (Sinclair Knight Mertz., 2010, Coffey Geotechnics., 2012). The regional extent 
of this geotechnically problematic soft clay unit along River Murray, and therefore the extent 
of the riverbank collapse hazard, was uncertain. Further, the character and stratigraphic 
organisation of the late Quaternary valley-fills (Coonambidgal and Monoman Formations) in 
South Australia was not well understood, with the majority of research focussed upstream 
along the Mallee and Riverine Plains in New South Wales and Victoria (Page et al., 2009, 
Nanson et al., 2003, Nanson et al., 2008, Nanson et al., 1992, Page and Nanson, 1996), and 
downstream along the Murray Coast (Bourman et al., 2000, Harvey, 2006, Hill et al., 2009, 
Murray-Wallace et al., 2010). It was not clear from existing literature whether the 
geotechnically problematic unit formed part of the broader Coonambidgal Formation in 
South Australia or was a regionally isolated unit. 
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This thesis is centrally concerned with this thick, soft, clay-unit; how and when it formed, its 
regional extent, what it tells us about climate change, and what its geotechnical and 
geomorphic consequences are. In Chapter 2 of this thesis I determine the regional extent of 
the geotechnically problematic unit within the River Murray’s late Quaternary valley-fills. 
Chapter 3 of this thesis investigates trends in the spatial distribution of failure along the River 
Murray in order to constrain the riverbank collapse hazard and aid management strategies 
during future low flows. The soft-clay unit was instrumental in contributing to the 
Millennium Drought failures and as such exploration of this legacy environment became the 
focus of further investigation. In Chapter 4 I investigate the geomorphic evolution of the 
lower River Murray in response to post-glacial sea level rise and assess controls on offshore 
sediment flux. In Chapter 5 I reconstruct a palaeoflood record for the Murray-Darling Basin 
from the stratigraphy of the lower Murray’s laminated sequence. This thesis draws on the 
disciplines of Quaternary science, engineering geology, fluvial geomorphology, 
palaeonvironmental reconstruction and sedimentology to address these objectives. The thesis 
is structured as four draft journal articles (Chapters 2 to 5), each chapter containing a self-
contained literature review, results and discussion (Figure 1.2). These chapters are followed 
by a synthesis of the key findings and conclusions, contributions of this thesis, and an overall 
thesis conclusion (Chapter 6) (Figure 1.2). The key objectives of each chapter are outlined 
herein.  
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Figure 1.1. Examples of riverbank collapse along the lower River Murray triggered by 
lowered river levels during the Millennium Drought. Failure scars are outlined in dashed 
white line. a) Thiele Reserve, Murray Bridge. Note public boat ramp to the right of failure, 
and unvegetated riverbank (only grasses). b) Woodlane Reserve, Mypolonga. Public 
pumping infrastructure was damaged during this collapse. c) Long Island Marina, Murray 
Bridge. Marina spit collapsed submerging three cars and a historical River Red Gums. d) 
Bells Landing, Monteith. Collapse occurred adjacent to a public boat landing and exotic 
willows were submerged.  
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1.1.1 CHAPTER 2 - The late Quaternary River Murray in South Australia: investigation 
of valley-fill sediments and implications for modern riverbank collapse 
 
Objective 1 - Determine the regional extent of the soft clay unit within the lower River 
Murray and characterise the late Quaternary valley-fills in the South Australian reach.  
 
Previous geotechnical investigations undertaken on the River Murray during the drought 
revealed a thick, soft, clay unit between 1-20 metres below ground level, concluding that 
riverbank margins underlain by this unit were at risk of failure during future low flows 
(Sinclair Knight Mertz., 2010, Coffey Geotechnics., 2012). The regional extent of the soft 
clay unit was not well known, and the nature of the River Murray’s late Quaternary valley-
fills poorly understood. The objective of this chapter is to determine the regional extent of the 
soft clay unit within the stratigraphy of the River Murray in South Australia and characterise 
the late Quaternary valley-fills. This objective was achieved through subsurface investigation 
of the River Murray’s upper and lower valley-fills; the Coonambidgal and Monoman 
Formations respectively. Pre-existing engineering drillholes and cone penetrometer tests 
(CPTs) and sediment cores acquired in this thesis were used to characterise the late 
Quaternary stratigraphy between Blanchetown and Wellington (approx. 200km). The results 
of subsurface investigation were analysed in the context of conceptual models depicting the 
response of wave-dominated estuaries and incised valleys to post-glacial sea level rise, in 
order to infer stratigraphic organisation. Determining the depositional origins of this soft-clay 
unit within a Quaternary framework enabled identification of the regional extent of the 
stratigraphic unit. Chapter 2 provides the first regional and detailed characterisation of the 
late Quaternary sedimentary valley-fills of the River Murray in South Australia, with 
consequences for management of the riverbank collapse hazard.  
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1.1.2 CHAPTER 3 - Explaining the distribution of riverbank collapses during Australia’s 
‘Big Dry’: the role of antecedent controls and geomorphic legacy on the River 
Murray in South Australia 
 
Objective 2 - Investigate trends in the spatial distribution of failure along the River Murray 
in order to constrain the riverbank collapse hazard. 
 
Existing geotechnical investigations identified that lowered river levels triggered the 
Millennium Drought failures through slow-draw down processes (Sinclair Knight Mertz., 
2010, Coffey Geotechnics., 2012), and Chapter 2 of this thesis identified the regional extent 
of the geotechnically problematic soft clay unit; demonstrating the association of the failures 
with the Coonambidgal Formation. What these studies have not shown is the combination of 
factors that explain the spatial distribution of these failures along the River Murray in South 
Australia. The objective of Chapter 3 is to investigate trends in the spatial distribution of 
failure along the River Murray in order to constrain the riverbank collapse hazard. This 
objective was achieved through geomorphic mapping of the lower River Murray using pre-
existing bathymetric and LiDAR datasets of the River Murray channel and floodplains and 
additional high-resolution multi-beam bathymetric surveys acquired for this thesis. From 
these datasets an established taxonomic framework (Wheaton et al., 2015) was used to map 
the geomorphology of the river and infer trends in the spatial pattern and configuration of 
fluvial units and failures. Chapter 3 identifies locations along the lower River Murray at 
greater risk of failure, contributing to improved management of the riverbank collapse hazard 
during future low flows.  
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1.1.3 CHAPTER 4 - New perspectives on the geomorphic evolution of the River Murray 
in South Australia: evolution of a central basin with implications for offshore 
sediment flux 
 
Objective 3 - Investigate the geomorphic evolution of the lower River Murray in response to 
post-glacial sea level rise and assess controls on offshore sediment flux.  
 
The late Quaternary geomorphic evolution of the River Murray in South Australia is poorly 
understood, with previous studies focussing upstream on the Riverine and Mallee Plains in 
New South Wales and Victoria (Page et al., 2009, Nanson et al., 2003, Nanson et al., 2008, 
Nanson et al., 1992, Page and Nanson, 1996), and downstream along the Murray Coast 
(Bourman et al., 2000, Harvey, 2006, Hill et al., 2009, Murray-Wallace et al., 2010). The 
transfer of sediment across the fluvial to marine interface represented by the lower Murray 
reach, although a fundamental pathway in the source to sink sediment cascade, is also poorly 
understood. Sediment flux from rivers to oceans is often used to reconstruct global fluvial 
regimes and, by proxy, past hydroclimates affecting landmasses globally, yet considerable 
uncertainty exists regarding the connectivity of the sediment cascade during post-glacial sea 
level rise (Blum and Törnqvist, 2000, Fagherazzi et al., 2004, Törnqvist et al., 2006, Lamb et 
al., 2012). Current palaeoclimate reconstructions draw heavily upon sediment flux to Murray 
Canyon cores located on the continental Lacepede Shelf as a proxy for MDB discharge and, 
by implication, eastern Australia’s hydroclimatic variability (Gingele and De Deckker, 2004, 
Gingele et al., 2004, Gingele et al., 2007, Bayon et al., 2017). The substantial thickness and 
extent of the Coonambidgal Formation in South Australia (recognised in Chapter 2), at the 
terminus of the MDB within the lower Murray reach, has implications for the geomorphic 
evolution of the Murray and offshore sediment flux and requires detailed explanation. The 
objective of Chapter 4 is to investigate the geomorphic evolution of the lower River Murray 
in response to post-glacial sea level rise and assess controls on offshore sediment flux. This 
objective was achieved by building a chronology through radiocarbon dating on two 
sediment cores located 80 km apart in order to constrain deposition of the Coonambidgal 
Formation, previously undated in South Australia. These findings were discussed in the 
context of existing literature covering the late Quaternary evolution of the MDB and Murray 
Coast (from source to sink), and more broadly the global response of fluvial systems to post-
glacial sea level rise. Chapter 4 develops a new hypothesis for the geomorphic evolution of 
the lower River Murray in response to post-glacial sea level rise and contributes to 
understanding controls on offshore sediment flux to the Murray Canyon marine cores, with 
implications for paleoclimate reconstructions during the Holocene.   
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1.1.4 CHAPTER 5 - Identification of a Murray-Darling Basin palaeoflood record: a 
proxy record of eastern Australia’s hydroclimatic variability during the Holocene   
 
Objective 4 - Reconstruct a palaeoflood record for the Murray-Darling Basin from the 
stratigraphy of the lower Murray’s laminated sequence.  
 
There are few records capable of inferring long-term trends in discharge and hydroclimatic 
variability from the MDB. Existing records rely on proxy records of precipitation from sites 
located outside of the Basin and limited to the last millennium (Verdon and Franks, 2007, 
McGowan et al., 2009, Gallant and Gergis, 2011, Gergis et al., 2012, Vance et al., 2013, Ho 
et al., 2015, Vance et al., 2015). Recent climate extremes such as the Millennium Drought 
(1997-2010) and the Brisbane Floods (2011) have caused significant social, economic, 
agricultural and environmental damage in the MDB (and more broadly eastern Australia). In 
order to increase Australia’s preparedness and resilience to these extremes, there is a need to 
increase our understanding of Australia’s hydroclimatic variability over longer timescales. At 
the terminus of the MDB, the Coonambidgal Formation represents sediments sequestered 
from geologically and climatically distinct regions of eastern Australia during the Holocene. 
The laminated sequence preserved in the Coonambidgal Formation (recognised in in Chapter 
2) requires further investigation as a potential long-term record of eastern Australia’s 
hydroclimatic variability. The objective of this chapter was to reconstruct a palaeoflood 
record for the Murray-Darling Basin from the stratigraphy of the lower Murray’s laminated 
sequence. This objective was achieved by characterising sedimentary signatures of the 
laminated sequence through multi-proxy analysis of physical, mineralogical and geochemical 
properties. These findings were considered in the context of existing literature for MDB 
sediment yield, delivery and hydrologic regime. Chapter 5 identifies the first multi-millennial 
Holocene palaeoflood record for the Murray-Darling Basin (MDB), a proxy record of eastern 
Australia’s hydroclimatic variability. Future work on this palaeoflood record will contribute 
to our understanding of water availability in the MDB and water security under projected 
climate change, with implications for management of Australia’s food bowl. 
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Figure 1.2. Thesis structure.  
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2 CHAPTER 2  
 
The late Quaternary River Murray in South Australia: 
investigation of valley-fill sediments and implications for 
modern riverbank collapse  
 
 
 
ABSTRACT 
 
Quaternary science can help to explain the spatial distribution of geotechnically problematic 
sedimentary units that civil engineers work and build in. This intersection between disciplines 
is well established in the Northern Hemisphere yet less so in Australia. During the peak of the 
Millennium Drought in 2008 the lower River Murray in South Australia experienced 
widespread mass failure of alluvial margins. Engineers deemed a thick soft clay unit 
responsible for failure, concluding that riverbanks underlain by this unit were at risk of 
failure during future low flows. The regional extent of the geotechnically problematic unit 
was unknown. Further, the nature and stratigraphy of the Murray’s late Quaternary valley-
fills in South Australia is poorly understood. This paper uses a Quaternary science approach 
to determine the regional extent of the problematic unit and investigate the Murray’s late 
Quaternary valley-fills in order to constrain the riverbank collapse hazard. Subsurface 
investigation revealed that the Holocene upper valley-fill (Coonambidgal Formation), within 
which the present-day river has incised, is characterised by a fine-grained soft silt and clay 
rich unit between Blanchetown and Wellington (approx. 200 km reach). The unit 
progressively increases in thickness downstream from 10 to >40m thick, and between 
Mannum and Wellington the upper 15m of the unit preserves a laminated sequence. 
Approximations of sediment load reflected in the unit’s volume show that the Coonambidgal 
Formation represents 1,535 million tonnes of sediment from the Murray-Darling Basin 
captured over the Holocene. The unit is characteristic of sediments deposited in a central 
basin environment evolving under transgressive to highstand conditions during the early to 
mid-Holocene. These findings reveal the widespread extent of the geotechnically problematic 
unit within the lower Murray, with significant implications for management of riverbank 
collapse during future low flows.   
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2.1 Introduction  
 
Much of Quaternary science is about understanding the genesis, evolution and depositional 
histories of landscapes such as fluvial and coastal environments. These environments form 
the building foundations for most of the world’s cities, and the deposits that civil engineers 
then work and build in. Environments at the marine-fluvial interface often have complex 
subsurface stratigraphies that can be problematic from an engineering perspective, as such, 
robust geological models are required to inform engineering practice. In the Northern 
Hemisphere, there is a long standing relationship between engineers and Quaternary 
scientists around glacial and peri-glacial deposits, where Quaternary science helps to explain 
the spatial distribution, properties and mechanical behaviour of these engineering materials 
(sediments) (Groot and Griffiths, 2001). In Australia, this intersection is less common and 
obscured by nomenclature, with much of the overlap found in the regolith literature (Taylor 
and McNally, 2001). This paper provides an example of an intersection between engineering 
and Quaternary science in Australia where an in-depth understanding of the Quaternary 
environment helped to understand a contemporary riverbank collapse problem.  
 
In 2008 at the peak of one of Australia’s longest droughts, river levels in the lower River 
Murray in South Australia fell 1.8m below the normal operating range triggering mass failure 
of riverbank margins (Jaksa et al., 2013, Hubble et al., 2015) (Figure 2.1 & Figure 2.2). The 
Millennium Drought (1997-2010) was the most severe drought in ~120 years of climate 
records, with lower than average rainfall across eastern Australia severely influencing 
Murray Darling Basin (MDB) streamflow (CSIRO, 2010, van Dijk et al., 2013). Over one 
hundred cases of riverbank collapse and instability (ground movement and subsidence) were 
reported along a 209 km reach between Blanchetown (Lock 1) and Wellington, with the 
majority of failures concentrated within an 80km reach between the townships of Mannum 
and Wellington (Figure 2.1b). The 80 km reach between Mannum and Wellington became 
the focus of this investigation due to the greater prevalence of failures that occurred here. 
Failures were unpredictable in their timing and location of collapse and ranged in severity 
from high risk deep-seated rotational failures with large arcuate regressions, and bank retreat 
in excess of 15 m; to medium risk severe cracking with consistent instability; to low risk 
relatively minor cracking (Figure 2.2). Failures threatened social and economic assets 
(people, property and public utility) with moderate to catastrophic consequences (potential 
loss of life). Not only did these failures represent rapid geomorphic change in a reach that is 
normally considered very stable, but they also occurred during long periods of extremely low 
flows. This phenomenon is unusual as bank failures are typically associated with the 
recession of high-energy floods rather than with droughts.  
 
Extensive geotechnical investigations were undertaken during the drought in order to better 
understand the driving mechanisms contributing to failure (Sinclair Knight Mertz., 2010, 
Schiller and Wynne, 2010, Tajeddin et al., 2011, Coffey Geotechnics., 2012, Liang et al., 
2012, Jaksa et al., 2013, Hubble et al., 2015, Liang et al., 2015a, Liang et al., 2015b, 
Jamieson, 2016). Subsurface investigation undertaken at four sites along the lower reach 
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encountered a low permeability soft-clay unit 1-20m below ground level, and concluded that 
the geotechnical properties of the unit were central to the riverbank collapses. The 
mechanical properties of this unit have been reported in detail elsewhere (Sinclair Knight 
Mertz., 2010, Coffey Geotechnics., 2012). In this instance, collapse was the result of the low 
permeability and high plasticity behaviour of the soft clay unit, which predisposes riverbanks 
to undrained failures through slow draw-down. Pore-water pressures were unable to drain in 
tandem with falling river levels, reducing the factor of safety for riverbank margins (Sinclair 
Knight Mertz., 2010, Coffey Geotechnics., 2012). Geotechnical investigations concluded that 
“during periods of low river level it should be assumed that riverbank collapse could occur 
where the riverbanks are underlain by the soft clay” (Sinclair Knight Mertz., 2010, Coffey 
Geotechnics., 2012). The regional extent of this geotechnically problematic soft clay unit 
within River Murray stratigraphy, and therefore the extent of the riverbank collapse hazard 
along the River Murray, was not well known. The River Murray is well studied in regards to 
its Quaternary evolution and valley-fill stratigraphy; upstream along the Mallee and Riverine 
Plains in New South Wales and Victoria (Nanson et al., 1992, Nanson et al., 2003, Nanson et 
al., 2008, Page and Nanson, 1996, Page et al., 2009) and downstream along the Murray Coast 
(Bourman et al., 2000, Hill et al., 2009, Murray-Wallace et al., 2010), however the South 
Australian reach has received less attention (Ludbrook, 1958, Gibson, 1959, Steel, 1967, 
Lindsay, 1967, Firman, 1973). The genesis, regional extent and character of the sedimentary 
valley-fills, in particular the Coonambidgal Formation, into which the present-day river has 
incised, remains poorly understood. As a consequence, it is not clear whether the 
geotechnically problematic unit forms part of the broader Coonambidgal Formation in South 
Australia or is a regionally isolated unit. 
 
The aim of this chapter is to determine the regional extent of the geotechnically problematic 
unit and investigate the late Quaternary valley-fills in South Australia using a Quaternary 
science approach. Mapping the extent of the unit within this framework allows us to constrain 
the spatial extent of the riverbank collapse hazard and predict where future bank failures are 
likely to take place along the River Murray during future low flows.  In addition, the 
investigation allows us to identify other potentially interesting aspects of this important 
geological unit. Specifically, this chapter considers the following questions: 
• What is the nature and character of the late Quaternary valley-fills of the River 
Murray in South Australia? 
• What is the nature and character of the Coonambidgal Formation (the upper valley-
fill) in South Australia?  
• What was the depositional environment in which the Coonambidgal Formation 
formed? 
• What is the regional extent of the geotechnically problematic soft clay unit within the 
context of the Murray’s late Quaternary valley-fills? Does it form part of the broader 
Coonambidgal Formation or is it a regionally isolated unit? 
• What are the implications of these findings for management of the riverbank collapse 
hazard during future low flows? 
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Figure 2.1.a) The River Murray (bold) located within the Murray-Darling Basin (MDB) across 
eastern Australia, with the lower River Murray in South Australia (inset). b) The Lower River 
Murray between Blanchetown (Lock 1) and Wellington in South Australia showing the 
occurrence of riverbank collapse and instability reported during the Millennium Drought. 
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Figure 2.2. Examples of riverbank collapse along the lower River Murray triggered by 
lowered river levels during the Millennium Drought. Failure scars are outlined in dashed 
white line. a) Thiele Reserve, Murray Bridge. Note public boat ramp to the right of failure, 
and unvegetated riverbank (only grasses). b) Woodlane Reserve, Mypolonga. Public 
pumping infrastructure was damaged during this collapse. c) Long Island Marina, Murray 
Bridge. Marina spit collapsed submerging three cars and a historical River Red Gums. d) 
Bells Landing, Monteith. Collapse occurred adjacent to a public boat landing and exotic 
willows were submerged.  
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2.2 Regional Setting  
 
The River Murray originates in the Great Dividing Range and flows east-west across a semi-
arid landscape through New South Wales and Victoria before following a southerly course in 
South Australia and meeting the Southern Ocean through the Lower Lakes (Alexandrina and 
Albert) and Murray Mouth near Goolwa (Figure 2.3). This reach represents the terminus of 
the Murray-Darling Basin (MDB) which covers 14% of Australia’s landmass. For the 
purposes of this investigation the lower River Murray is defined as the reach between 
Blanchetown (Lock 1) and Wellington in South Australia (an approximately 209 river km 
reach) (Figure 2.3). Between Blanchetown and Wellington the River Murray is a low 
sinuosity, suspended load channel with low stream power, cohesive bank materials and an 
exceptionally low-gradient (0.000026) (Thoms and Walker, 1993, Walker and Thoms, 1993). 
The River Murray has been considered remarkably stable since European colonisation 
compared to rivers globally (Rutherfurd, 1991, Thoms and Walker, 1993), with channel 
adjustment limited by a combination of inherited structural constraints, cohesive bank 
materials and a heavily regulated contemporary flow regime (Rutherfurd, 1991). 
 
The present-day system can be separated into three distinct geomorphic zones; the Gorge 
between Blanchetown and Mannum, the Floodplains between Mannum and Wellington and 
the Murray Coast as the river debouches into the Lower Lakes (Walker and Thoms, 1993). 
This study is concerned with the character of the valley-fill stratigraphy, specifically of the 
upper valley-fill Coonambidgal Formation, within these zones. The Murray enters the steep 
sided (30-40 m) gorge above Blanchetown where the single channel is party confined and 
characterised by distributary channels and oxbow lakes, with long straight sections and more 
meandering sections where the river abuts limestone cliffs. The Murray emerges from the 
gorge below Mannum into the floodplains, characterised by low-lying agricultural 
floodplains and isolated limestone and granite bluffs. The majority of floodplains within this 
reach have been drained and reclaimed for agricultural purposes, with artificial flood levees 
constructed along channel margins and stabilised with exotic willows (Thoms and Walker, 
1993, Walker and Thoms, 1993). The floodplains reach between Mannum and Wellington 
(80km) became the focus of this investigation due to the greater prevalence of failures that 
occurred here. The River Murray debouches into the Lower Lakes Alexandrina and Albert at 
the Murray Coast, a broad and shallow micro-tidal wave-dominated estuary, bounded to the 
west by the Mount Lofty Ranges and to the east by the southeastern Coastal Plain. The 
Murray Mouth migrates along the coastal barriers of Sir Richard and Younghusband 
Peninsulas, the barriers ranging between approximately 1-2 km wide and 25-40 m high in 
their modern extent (Bourman et al., 2000, Harvey, 2006). 
 
The nature of stratigraphic units and the geomorphic evolution of the River Murray across the 
Mallee and Riverine Plains in New South Wales and Victoria is well established  (Nanson et 
al., 1992, Nanson et al., 2003, Nanson et al., 2008, Page and Nanson, 1996, Page et al., 
2009). In contrast, the geomorphic history and stratigraphic relationships of the Pleistocene-
Holocene valley-fill in South Australia is less well understood (Thomson, 1975, Twidale et 
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al., 1978, Brown and Stephenson, 1991). The course of the River Murray was established 
during the Quaternary with drainage of Lake Bungunnia from 0.7 Ma, a series of late 
Pleistocene glacio-eustatic fluctuations in sea level then entrenching the River Murray in its 
modern gorge through South Australia. During the late Pleistocene the Murray incised 
through early Oligocene to middle Miocene limestones of the Murray Group to form the 30-
40m gorge, with basal valley depths of approximately -10m AHD at Swan Reach, 
approximately -65m AHD at Swanport (Figure 2.3) (Twidale et al., 1978, Brown and 
Stephenson, 1991). Renewed incision initiated during sea level minima of the Last Glacial 
Maximum (LGM) is hypothesised to have stripped the gorge of all earlier Pleistocene valley-
fills and exhumed older granitic landforms (Twidale et al., 1978). Post glacial sea level rise 
initiated aggradation of the present lower and upper valley-fill sequences - the Monoman and 
Coonambidgal Formations respectively.  
 
The Monoman Formation is characterised by high-energy alluvium (coarse-grained sands and 
gravels) described in the literature as deposition from braided streams (Pels, 1964, Twidale et 
al., 1978, Brown and Stephenson, 1991). The top of the Monoman Formation is marked by a 
conformity, buried forest and palaeosols, marking the transition from braided to meandering 
deposition that characterises the present-day channel. Age evidence for the Monoman 
Formation derived from fossil wood at the proposed Chowilla dam site, located at the New 
South Wales, Victorian and South Australian border, indicate late Pleistocene deposition 
accompanying post-glacial rise in base level from 17,000 to 6,000 yrs BP (Firman, 1973, 
Twidale et al., 1978, Brown and Stephenson, 1991). The Coonambidgal Formation is broadly 
characterised as alluvial bedload and floodplain deposits from meandering Holocene 
palaeochannels (Pels, 1964, Twidale et al., 1978, Brown and Stephenson, 1991). In South 
Australia the Coonambidgal Formation is described as fine-grained silts and clays (Firman, 
1973, Brown and Stephenson, 1991). Radiocarbon age estimates determined from ancestral 
channels across the Mallee and Riverine Plains range from 30,000 to 4,200 yrs BP (Pels, 
1964, Twidale et al., 1978, Brown and Stephenson, 1991). At the proposed Chowilla dam site 
radiometric dating returned an age of 4080 ± 100 yrs BP from fossil wood near the base of 
the Formation (Firman, 1967). As such it can be assumed the Coonambidgal Formation is 
late Pleistocene to Holocene in age. In South Australia, where the Coonambidgal Formation 
has been described as fine-grained silts and clays (Firman, 1973, Brown and Stephenson, 
1991), the present-day channel has incised within the Formation to depths between 10 and 
20m below the surface. Geological cross-sections from the River Murray gorge at Swan 
Reach indicate that sediments of the upper valley-fill and Coonambidgal Formation are at 
least 15 to 25m thick, and the underlying lower valley-fill sediments of the Monoman 
Formation a further 20-25m thick. Downstream across the floodplain reach at Swanport both 
valley-fills increase in thickness (Ludbrook, 1958, Gibson, 1959, Steel, 1967, Lindsay, 1967, 
Firman, 1973) (Figure 2.3). It is not clear from existing literature whether the geotechnically 
problematic unit that predisposes riverbanks to failure forms part of the broader 
Coonambidgal Formation in South Australia or is a regionally isolated unit.  
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Figure 2.3. Geologic cross-sections across the lower River Murray valley at Swan Reach (A-
A’) within the gorge and at Swanport (B-B’) within the floodplains reach. Cross-sections have 
been re-created from existing literature (Twidale et al., 1978) based on data from Ludbrook 
(1958), Gibson (1959), Steel (1967), Lindsay (1967), Firman (1973). Cross-sections are also 
presented in the context of subsurface investigations in Figure 2.8 and Figure 2.9.  
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2.3 Stratigraphic organisation - conceptual models 
 
This study is concerned with the origins, genesis and character of the Coonambidgal 
Formation in South Australia. This unit represents the Holocene upper-valley fill deposited 
within the incised Murray valley at the marine to fluvial interface, represented by a wave-
dominated estuary and incised valley system. Conceptual models depicting the response of 
wave-dominated estuaries and incised valleys to post-glacial sea level rise, and the resulting 
stratigraphic histories (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et 
al., 2001), are explored herein.  
 
Geomorphic zones at the marine-fluvial interface have a predictable spatial arrangement 
reflecting contrasting energy regimes influenced by a mixture of tidal, wave and fluvial 
processes and receive sediment from both fluvial and marine sources. This distribution of 
energy and sediment produces distinct depositional environments with characteristic 
attributes that lead to diagnostic sedimentary facies (Figure 2.4). Facies models of wave-
dominated estuaries recognise three main depositional environments: 1) marine-process-
dominated; 2) mixed-process-dominated, and 3) fluvial-process-dominated (Dalrymple et al., 
1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). As these geomorphic zones 
and associated facies have a predictable spatial distribution, it is possible to predict the spatial 
arrangement and stratigraphic organisation produced by an estuary in response to eustasy – 
through a ‘backstepping’ and progradation of adjacent depositional environments (Zaitlin et 
al., 1994). 
 
At the estuary mouth lies the marine-process-dominated zone characterised by a barrier/back-
barrier complex and a marine flood-tidal delta (Figure 2.4). Sediments are generally 
comprised of well-sorted marine sands and the zone is influenced to varying degrees by tidal 
currents and wave action which produces low to high energy sub-environments (Dalrymple et 
al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). The central portion of a 
wave-dominated estuary is occupied by a central depositional basin influenced by a mixture 
of marine and fluvial processes. Sediments are typically comprised of fine silt and clay river 
sediment that settle out of suspension with minor marine influences, resulting in a mud rich 
deposit rich in estuarine shells, foraminifera and organic material. The muds are often anoxic 
and can contain evidence of reworking through bioturbation and weak salinity gradients 
typically exist upstream (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy 
et al., 2001). The landward portion of the estuary is dominated by fluvial processes and 
characterised by a fluvial bay-head delta complex which progrades into central basin and 
riverine channel and alluvial plain complex. Sediment facies range from fluvial sand and 
gravel in channel beds to poorly sorted mixtures of sand, mud and organics in 
levee/floodplain/delta deposits, becoming muddy and organic rich in channel marginal 
embayments and swamps (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, 
Roy et al., 2001).  
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The sedimentary fill of estuaries within an incised valley system (IVS) can be separated into 
three segments that reflect a unique depositional and stratigraphic facies organisation 
resulting from sea level transgression followed by highstand deposition (Zaitlin et al., 1994) 
(Figure 2.4). The seaward reach of the incised valley (segment 1) is characterised by 
backstepping (lowstand to transgressive) fluvial and estuarine deposits, overlain by 
transgressive marine sands and/or shelf muds. The middle reach (segment 2) consists of the 
drowned-valley estuarine complex that existed at the time of maximum transgression, 
overlying a lowstand to transgressive succession of fluvial and estuarine deposits like those in 
segment 1. The innermost reach of the IVS (segment 3) lies headwards of the transgressive 
estuarine limit and extends to the point where changes in relative sea level no longer control 
fluvial style, characterised by fluvial deposits throughout its depositional history. The 
absolute and relative length of these segments depends upon the complex interaction of 
localised variables such as sea-level history, the coastal zone gradient, available 
accommodation space, antecedent geomorphology, controls on sediment flux and the 
interplay between marine and fluvial processes (Zaitlin et al., 1994). 
 
Based on the conceptual models presented here it is possible that the geotechnically 
problematic unit either forms part of a series of isolated billabong/channel marginal 
embayment/swamps, or is part of the broader Coonambidgal Formation, its extent suggestive 
of deposition within a central mud basin. These hypotheses are explored through subsurface 
investigation herein. 
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Figure 2.4. Conceptual models of geomorphic zones across the marine-fluvial interface. a-c) 
A wave-dominated estuary demonstrating distribution of energy types, morphological 
components in planview, and sedimentary facies in longitudinal profile within an idealised 
wave-dominated estuary from existing literature (Dalrymple et al., 1992). d) an incised-valley 
system showing generalised zonation of depositional environments in response to eustatic 
sea level (Zaitlin et al., 1994) (HST= highstand systems tract, TST = transgressive systems 
tract, LST= lowstand systems tract).  
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2.4 Methods  
2.4.1 Subsurface investigation 
 
The sedimentary infill and geological evolution of the lower River Murray was constructed 
from sediment cores and cone penetrometer tests (CPTs) acquired across eleven sites 
between the townships of Mannum and Wellington (Figure 2.5). This 80 km reach became 
the focus of investigation efforts due to the greater prevalence of failures that occurred here 
Figure 2.1b). Core samples were collected from a houseboat within the river channel, with 
sampling concentrated in cross-sections locations spaced at approx. 5 to 10 km intervals on 
both inside (accreting) and outside (eroding) meanders bends, and at sites with either 
recorded instability, failure or no-failure (Figure 2.6 & Figure 2.7). This sampling approach 
was intended to capture a diversity of riverbanks, and variability in valley-fill stratigraphy. 
Sampling from a houseboat was also advantageous as it allowed for sediment cores and CPTs 
to be acquired from the submerged slope of riverbanks (Figure 2.6f). The results of 
subsurface investigation were then used to characterise sedimentary facies, depositional 
environments and broad geomorphic zones characteristic of wave-dominated systems 
(Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). The 
stratigraphic position and location of CPT profiles and sediment cores at each surveyed site 
are provided in Supplementary Information Figs. S1-11. 
 
2.4.2 Cone penetrometer test (CPT) 
 
The cone penetrometer test with pore pressure measurement (CPTu) is commonly used in 
geotechnical investigations to identify physical and mechanical properties of sediments. 
Lithological facies can be identified from CPTu data based on readings of cone resistance 
(qc), sleeve friction (fs) and pore pressure (u2), recording continuous in-situ readings at 1 cm 
increments. When normalised these parameters provide a guide to physical properties of 
sediment through identification of soil behaviour type (SBT) and to the mechanical behaviour 
of the sediments through undrained shear strength (Robertson, 1990, Duncan et al., 2014).  
 
A total of 11 CPTu profiles were acquired between Mannum and Wellington, penetrating to a 
maximum depth of -28.29m AHD through the Coonambidgal and Monoman Formations 
(Figure 2.5-Figure 2.6) (Supplementary Table S1, Figs. S1-11). CPTu profiles were acquired 
from the front of a houseboat using a custom-built hydraulic push rig able to penetrate 
subsurface materials at a steady rate (Figure 2.7). Raw parameters were converted to 
normalised measurements to determine SBT using standard procedures (Robertson, 1990, 
Duncan et al., 2014). From analysis of SBT, facies associations can be defined and were used 
to interpret depositional environments and their spatial arrangement and stratigraphic 
organisation. CPTs have similarly been used as a tool for interpreting stratigraphic sequences 
and associated depositional environments for northern NSW estuaries in Australia (Bishop 
and Fityus, 2006, Bishop et al., 2008, Bishop, 2010).  
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2.4.3 Sediment cores 
 
Sediment cores were acquired in combination with CPTs in order to confirm SBT 
characterisation and identify sedimentological characteristics of the riverbank sediments in 
greater detail. A total of 19 sediment cores (across seven sites) were acquired using 
percussion coring techniques, capturing sedimentation between approx. -3m and -15m AHD 
within the Coonambidgal Formation (Figure 2.5-Figure 2.6, Supplementary Table S1, Figs. 
S1-11.). Sediment cores were visually logged for sediment texture, colour, lithological 
composition, the presence of organic content and macrofossils. Any significant facies 
changes were noted in order to distinguish between sediments from different depositional 
environments. Grainsize analysis was undertaken from field texture tests following the 
Udden-Wentworth classification for grain size class intervals, distinguishing between clay, 
silt, sand, gravel and pebble (Udden, 1914, Wentworth, 1922).   
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Figure 2.5. Regional extent of subsurface investigation along the lower River Murray. a) 
Location of engineering boreholes and water well logs analysed between Blanchetown and 
Mannum. b) Planview of the River Murray between Mannum and Wellington in South 
Australia illustrating the regional extent of field sites (numbered 1 to 11). Nb. Images were 
created from two nationally available datasets: i) a 1 second (~30 m resolution) Shuttle 
Radar Topography Mission (SRTM) Hydrologically Enforced Digital Elevation Model (DEM-
H) obtained from Geoscience Australia; and ii) a LiDAR dataset of the Murray River valley 
and floodplains (2 m resolution) obtained from the Department of Environment, Water and 
Natural Resources (DEWNR), South Australia.  
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Figure 2.6. a-e) Location of subsurface investigation at Sites 1-11 depicting position of sediment 
cores and CPTu profiles. Geomorphic features such as valley margins, channel margins, floodplains 
and billabongs were delineated from these datasets (identified from a border/edge between distinct 
elevation differences for these regions). Cross-sections along transects at each site were extracted 
from these datasets and used to create Supplementary Figures S1-11. f) Schematic of sampling 
approach along the submerged section of riverbanks/channel margins. Existing investigations refer 
to sub-surface investigations previously undertaken during the Millennium Drought (Coffey 
Geotechnics., 2012).  
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Figure 2.7. Setup and deployment of CPTu profiles using custom built hydraulic push rig at 
the front of RV Breakfree (houseboat) in February 2014. 
 
2.4.4 Engineering drillholes and water well logs 
 
Stratigraphic data obtained from pre-existing engineering drillholes (n=8) and water well logs 
(n=2) drilled along the River Murray’s course were also used to reconstruct broad-scale 
features of the sedimentary infill of the Murray valley (Figure 2.5a). Data was obtained from 
the South Australian Resources Information Gateway (SARIG) (Department of State 
Development, 2018) maintained by the Department for Energy and Mining, South Australia. 
These pre-existing records complement sediment cores and CPTs undertaken during this 
investigation as they cover a broader regional extent/spatial distribution and reach greater 
depths within the valley-fill i.e. to the Monoman Formation and bedrock valley. A SARIG 
search was conducted for records with lithological descriptions between Blanchetown and 
Wellington (approx. 209 km) and those analysed reach depths up to -72m within the valley 
fill (Supplementary Table S2). In contrast sediment cores and CPTs reach depths of -20m 
AHD and cover only an 80km reach.  
 
The degree of detail recorded in engineering drillholes and water well logs is variable as there 
is no standard scheme for lithological descriptions. Uniformly between the records, 
major/minor lithologies are recorded as ‘clay’ and ‘sand’ and lithological descriptions are 
provided recording colour, sedimentological characteristics and organic content. Typically 
the engineering drillhole records provide greater detail than the water well logs and also 
include an interpretation on which stratigraphic unit the lithology is associated with. Not all 
logs record the elevation of drillholes/water well logs in relation to Australian height datum, 
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but instead use ‘below ground level’. These are denoted with an asterix in Figure 2.8, and so 
caution must be given to interpreting their stratigraphic position. Accordingly, analysis of the 
stratigraphic data from these records is considered sufficient to reconstruct only broad-scale 
features of the sedimentary infill of the Murray valley, to be supplemented in detail by our 
sediment cores and CPTs. Although distinguishing between similar lithological units such as 
fluvial bay-head delta sands, fluvial bedload sands and fluvial floodplain sands is not 
possible, it is still possible to assess the broader significance between different sedimentary 
units: gravel vs sand vs silt vs clay. Further indicators of depositional environments may be 
inferred from the presence/absence of organics, shells and wood. To produce pictorial logs 
interpretations were made using major lithology and lithological descriptions, and a 
geological long-section of the valley-fill constructed using Golden Software package Strater 
with final detailing and presentation edited in Adobe Illustrator. 
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2.5 Results 
2.5.1 Engineering drillholes and water well logs facies 
 
A geological long-section was constructed of the sedimentary infill between Blanchetown 
and Wellington (Figure 2.8). Four individual facies were identified based on lithological 
descriptions and the relationships between lithological units in adjacent drillholes. The 
characteristics of each facies are discussed in order of succession from oldest to youngest and 
summarised in Table 2.1. Interpretations of depositional environments were made using 
facies models for wave-dominated estuaries from the literature (Dalrymple et al., 1992, 
Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001).  
2.5.1.1 Fluvial carbonaceous (FLcb) – undifferentiated unit  
 
A single carbonaceous sand unit (FLcb) was penetrated by an engineering drillhole at the 
base of the lower valley-fill at Mannum. The unit is 12m thick and was encountered at depths 
between -60 and -72 m AHD at this location (Figure 2.8). The unit is described as black-
brown, sandy lignite, with very coarse clear sand grains. The carbonaceous nature of this unit 
is interpreted to represent low-energy organic rich fluvial deposition in a marginal 
embayment or brackish swamp such as a billabong environment (Dalrymple et al., 1992, 
Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). The unit was recorded by drillers as 
the mid-Eocene Renmark Group, however this stratigraphic association is considered 
unlikely based on the age of the unit when considered in the context of existing literature for 
the River Murray in South Australia (Twidale et al., 1978, Brown and Stephenson, 1991). It 
is presumed that this unit and is associated with fluvial aggradation during lowstand to 
transgressive conditions during the late Pleistocene.  
2.5.1.2 Fluvial sands and gravels (FLsg) - Monoman Formation 
 
Fluvial sands and gravels were encountered ubiquitously between Blanchetown and 
Wellington and constitute the Murray’s lower valley-fill (Figure 2.8). The unit is 7-34m thick 
between Blanchetown and Mannum, reducing in thickness to 4-22m downstream of Mannum 
in association with a bedrock high at Swanport (100-120 rkm). The unit was penetrated by 
engineering drillholes and water well logs at depths between -8 and -72m AHD, and was 
recorded by drillers as the late Pleistocene Monoman Formation. The unit is consistently 
described as brown-grey sand, medium to coarse grained, moderately sorted, increasing 
gravel with depth. Low-high organic content was recorded for the unit, with minor glauconite 
lenses and traces of shell fragments. The coarse-grained nature of this unit is interpreted to 
represent high-energy fluvial deposits associated with environments of the river channel and 
alluvial plain (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 
2001). This conforms with lithological descriptions of the Monoman Formation presented in 
existing literature, the unit described as high-energy alluvium deposited from braided 
streams. Based on the stratigraphic relationships and existing literature the unit is interpreted 
to broadly represent a succession of lowstand to highstand fluvial deposits - fluvial 
aggradation in response to base level change during the LGM in the late Pleistocene. 
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2.5.1.3 Fluvial sandy clayey limestone (FLscl) – undifferentiated unit 
 
Within the late Pleistocene fluvial sands and gravels, engineering boreholes and water well 
logs penetrated discrete pockets of sandy fossiliferous limestone between Blanchetown and 
Swanport (Figure 2.8). The unit is 10-14m thick and was encountered stratigraphically in the 
uppermost section of the late Pleistocene valley-fill at depths between -12 and -31m AHD. 
This unit is recorded variably as yellow, green, brown in colour, sandy clayey limestone or 
marl. The unit is highly fossiliferous (bryozoal, crinoid and echinoid) and glauconitic, and 
described as friable but with harder cemented lumps. Drillers record the unit as the late 
Oligocene to mid Miocene Murray Group (Ettrick Group) with comments for the unit 
including ‘sludge’, ‘cliff rock’ and ‘tallus of Mannum Group Limestone’. Based on the 
lithological characteristics of the facies and accompanying drillers comments, this unit is 
interpreted to represent a mixture of moderate-high energy fluvial deposits with inclusions of 
fossiliferous limestone sourced from the bordering Mannum Group cliffs (Dalrymple et al., 
1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). It is presumed the 
fossiliferous limestone is representative of entrainment of tallus or erosion of adjacent cliff 
materials. Based on stratigraphic relationships it is presumed the unit represents fluvial 
aggradation during transgressive conditions during the late Pleistocene to early Holocene.  
2.5.1.4 Fluvial clays and silts (FLcs) – Coonambidgal Formation 
 
Fluvial clays and silts were encountered ubiquitously between Blanchetown and Wellington 
and based on stratigraphic relationships constitute the Murray’s upper valley-fill (Figure 2.8). 
The unit is 8-44m thick, increasing in thickness progressively downstream, and was 
encountered at depths between -5 and -44m AHD. This unit is consistently described as 
blue/green-grey clay, soft, moist, and high plasticity, slightly silty, interlayered, with 
occasional interbeds of very fine-grained sand, micaceous, and variably with an absence of or 
minor organic content. This unit is distinguishable from the underlying fluvial sands and 
gravels through colour, grainsize and the lack of reference to organic content, and represents 
a transition in the fluvial regime. Drillers record this unit as the Holocene Coonambidgal 
Formation described in South Australian deposits as fine-grained silts and clays (Twidale et 
al., 1978, Brown and Stephenson, 1991). Based on sedimentological characteristics this unit 
is interpreted to represent fluvial sedimentation within a low-energy depositional 
environment such as a central basin environment evolving broadly under transgressive to mid 
Holocene highstand conditions (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 
1994, Roy et al., 2001). The occasional interbeds of very fine-grained sand are interpreted as 
fluvial in origin based on grainsize characteristics. Stratigraphic relationships with adjacent 
drillholes preclude deposition in billabong environments. This unit was the subject of further 
investigation through analysis of CPTs and sediment cores (Figure 2.8, Inset A). 
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Figure 2.8. Geological long-section of Murray valley between Blanchetown and Wellington constructed from pre-existing engineering drillholes 
and water well logs (identifier number displayed above). Those denoted with an asterix refer to depths ‘below ground level’ and are not 
depicted in relation to Australian Height Datum due to data limitations. Geological cross-sections at Swan Reach (A-A’) and Swanport (B-B’) 
are also depicted (see Figure 2.3. Inset A: Stratigraphic position of CPT profiles acquired between Mannum and Wellington in the context of 
engineering drillholes and water well logs.  
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2.5.2 Cone penetrometer test facies   
 
A geological long-section constructed using CPT profiles was produced for the Murray 
valley between Mannum and Wellington (Figure 2.9). This unit represents the Holocene 
upper valley fill previously identified as from engineering boreholes and water well logs as 
fluvial clays and silts (FLcs) (Figure 2.8). Three facies were identified in the CPTs on the 
basis of soil behaviour type and the relationships between the determined lithological units in 
adjacent drillholes. The characteristics of each facies are discussed in order of succession 
from oldest to youngest and summarised in Table 2.1. Individual results for CPT profiles at 
each surveyed site are provided in Supplementary Information Figs. S1-11. 
2.5.2.1 Fluvial sand mixtures, basal (FLs-b) – Monoman Formation 
 
A basal silty sand unit was penetrated by CPTs between Site 4 and 7 (133-110 rkm) and 
encountered at depths between -10 and -18m AHD (Figure 2.9). The unit is 1-2m thick and 
CPT profiles typically refused on or within this unit. The SBT for this unit was characterised 
by sand mixtures of silty sand to sandy silt (SBT5) and clean sand to silty sand (SBT6). 
Based on the stratigraphic relationship of this unit and the similarity in sedimentological 
properties it is presumed that CPT profiles record/capture the top of the late Pleistocene 
Monoman Formation identified in engineering drillholes and water well logs (Figure 2.8).  
2.5.2.2 Fluvial fine-grained mixtures (FLfg) – Coonambidgal Formation 
 
Overlying the basal sand unit, fine-grained silty clay mixtures were identified ubiquitously 
between Mannum and Wellington (Figure 2.9). The unit increases in thickness progressively 
downstream from 9 to 26m thick and was encountered at depths between -1 and -27m AHD. 
The SBT for this unit was characterised by fine-grained mixtures: clay to silty clay (SBT2) 
and clayey silt to silty clay (SBT3) with occasional sensitive fine-grained sediments (SBT1) 
and an absence of organics. An overall downstream fining trend is observed in this unit 
across the 80km reach characterised by a higher clay component towards Wellington (Figure 
2.9). Little variation in the fine-grained nature and character of this unit was observed 
between adjacent CPT profiles (n=11) between Mannum and Wellington (80 km reach). The 
uniformity of the fine-grained mud-rich unit is highlighted in a SBT chart for all CPTu data 
points (n=19,685) acquired from Site 1 to 11 (Figure 2.10). These datum points represent a 
reading of SBT at 1cm increments for the 11 CPTu profiles between Mannum to Wellington. 
The general trend with respect to depth for the CPTu profiles, tracks a steady transition from 
modern sand mixtures at the top of CPTu profiles to alternating clay and silt rich sediments 
of the Coonambidgal Formation, returning to coarser sand mixtures of the Monoman 
Formation at depth (Figure 2.10). Based on the stratigraphic relationship of the unit and the 
similarity in sedimentological properties, this unit is considered a genetically-
similar/comparable to the fluvial clays and silt facies (FLcs) recorded in engineering 
drillholes and water well logs as the Holocene Coonambidgal Formation. Further the 
increasing thickness of the silty clay unit progressively downstream conforms to existing 
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literature regarding the relationship of the upper valley-fill between Swan Reach and 
Swanport (Figure 2.3) (Twidale et al., 1978, Brown and Stephenson, 1991). As such this unit 
is interpreted to represent fluvial sedimentation within a low-energy depositional 
environment of a central basin environment evolving under transgressive to mid-Holocene 
highstand conditions (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et 
al., 2001).  
2.5.2.3 Fluvial sand mixtures, surficial (FLs-s) – Modern  
 
Surficial silty sands were encountered at the top of CPT profiles between Site 1 and Site 6 
(156 to 114 rkm) in a unit less than 0.5m thick at depths between -1 and -3 m AHD (Figure 
2.9). This unit was not encountered downstream of Murray Bridge. The SBT for this unit was 
characterised by sand mixtures of silty sand-sandy silt (SBT5) and clean sand-silty sand 
(SBT6). Based on SBT and the stratigraphic position of this unit it is possible that the unit 
represents fluvial aggradation associated with bay-head delta deposits (Dalrymple et al., 
1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). It is also possible that the 
surficial nature of this unit could be associated with sedimentation of the modern-day fluvial 
regime. 
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Figure 2.9. Geological long-section of the Murray valley downstream of Mannum constructed from CPTu profiles and analysis of soil behaviour 
type (SBT). Note the downstream fining trend evident in an increase in clay component towards Wellington. Geological cross-section at 
Swanport (B-B’) is also depicted (see Figure 2.3).   
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Figure 2.10. Normalised soil behaviour type (SBTn) (Robertson, 1990) for all CPTu data 
points (n=19,685) acquired at 1 cm increments from the 11 CPTu profiles acquired between 
Mannum and Wellington. (Nb. Fr denotes the normalised friction ratio and Qt the normalised 
cone resistance values). The ‘start’ and ‘end’ refers to a typical CPTu profile trace, 
transitioning from modern surficial sand mixtures (FLs-s) to clay and silt mixtures (FLfg) of 
the Coonambidgal Formation, to coarser basal sand mixtures (FLs-b) of the Monoman 
Formation with increasing CPTu penetration and depth.  
 
2.5.3 Sediment core facies  
 
Three major facies were identified from sediment cores acquired between Mannum and 
Wellington within the Coonambidgal Formation (Figure 2.11). Nb Sediment cores were 
acquired from the upper valley-fill unit previously identified from engineering boreholes and 
water well logs as fluvial clays and silts (FLcs) (Figure 2.8) and from CPTs as fluvial fine-
grained mixtures (FLfg) (Figure 2.9). These facies were identified on the basis of lithological 
descriptions, sediment texture and colour, sedimentary structures and organic content. The 
characteristics of each facies are discussed in order of succession from oldest to youngest and 
summarised in Table 2.1. Results for sediment cores at each surveyed site are provided in 
Supplementary Information Figs. S1-12. 
2.5.3.1 Fluvial clays and silts, laminated (FLcs-L) – Coonambidgal Formation  
 
A laminated clay and silt unit was identified in sediment cores between Mannum and 
Wellington at depths between -4 and -15m AHD (Figure 2.11). Penetration of the unit ranged 
from 1 to 4m thick and cores did not show signs of refusal. The laminated sequence is 
characterised by olive-black to grayish-olive clayey silts interbedded with hundreds of ~cm 
thick light-gray clay rich laminae. Occasional grayish-olive fine-grained sand layers interrupt 
the laminated sequence containing traces of organics, and are often associated with 
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underlying unconformities. The laminated sequence was consistently void of organic 
material. An absence of bioturbation, oxidation or pedogenesis was observed within the unit, 
with minor variations in the preservation of laminations between sites. The physical, 
mineralogical and geochemical properties of this unit became the focus of a subsequent 
investigation (Chapter 5 of this thesis). Based on stratigraphic relationships and lithological 
descriptions this unit is interpreted as genetically similar/comparable to the fluvial fine-
grained (FLfg) unit identified in CPTs and the fluvial clays and silts (FLcs) unit recorded in 
engineering drillholes and water well logs. As such it is presumed the unit is representative of 
the Holocene Coonambidgal Unit.  
 
The clay and silt nature of the unit indicates low-energy deposition and the preservation of 
fine bedding structures (laminae) indicates sediments settling out of suspension in an 
environment with low sediment remobilisation and long residence times. The absence of 
bioturbation, oxidation or pedogenesis suggests potentially anoxic conditions and a deep 
depositional environment. The evidence of fine-grained sand layers which interrupt the 
laminated sequence, overlying erosional boundaries, suggests intermittent high-energy events 
capable of eroding clays and silts and entraining and deposition sands. This unit is interpreted 
to represent fluvial sedimentation within the low energy depositional environment of a 
central basin evolving under transgressive to highstand conditions during the early to mid-
Holocene (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). 
The ubiquitous nature of the unit and its regional extent between Mannum and Wellington 
preclude sedimentation within channel marginal backswamp/billabong environments.  
2.5.3.2 Fluvial fine-grained, massive (FLfg-M) – Coonambidgal Formation 
 
Overlying the laminated clays and silts a massively bedded fine-grained unit was observed in 
several sediment cores between Mannum and Wellington (Figure 2.11). The unit is 0.5-1m 
thick and was encountered at depths between -10 and -13m AHD. The massively bedded 
sequence is characterised by gray uniform clay and silt rich sediments with traces of organics 
(<5%), with the exception of Site 11 which was rich in organic material. This unit is 
distinguishable from the underlying fine-grained unit through its massive sedimentary 
structures and an increase in organic content, suggesting a change and transition in fluvial 
character and depositional regime. The laminated and massive fine-grained units are 
occasionally separated by abrupt erosional boundaries. Based on stratigraphic relationships 
this unit is interpreted to represent a continuation of the Holocene Coonambidgal Formation, 
recording a change in depositional character towards a moderate to high-energy regime 
during the late Holocene (Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy 
et al., 2001).  
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2.5.3.3 Fluvial sand, massive (FLs-M) – Modern  
 
A surficial sand unit was encountered in sediment cores acquired higher up on the slope of 
riverbanks as a thin veneer less than 1m thick (Figure 2.11). The unit is characterised by 
olive-gray well-sorted sand with a minor clay and silt component with low-high organic 
content. This surficial massively bedded sand unit is distinguishable from the underlying 
massively bedded fine-grained unit through the increase in grainsize and organics. This unit 
has similar sedimentological properties as the surficial silty sand unit (FLss-s) identified in 
CPTs and as such is similarly interpreted to represent either sediments associated with bay-
head delta deposits or the modern fluvial regime. On riverfront foreshore properties it is 
common practice for property owners to create artificial beaches and as such the source of 
sand within this unit may be artificial. 
 
 
Figure 2.11. Representative sections of the three major facies identified in sediment cores 
recovered from the Murray valley between Mannum and Wellington. Each photograph is of a 
70mm section of core approximately 60mm wide. From left to right: a) facies FLs-M - 
massively bedded sand, interpreted as fluvial deposition within the modern-day regime; b) 
facies FLfg-M – massively bedded silts and clays, interpreted as fluvial sedimentation within 
a moderate to high-energy regime; c) facies FLcs-L – laminated silts and clays, interpreted 
as fluvial sedimentation in a low energy central basin environment.   
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Table 2.1. Distribution and characteristics of sedimentary facies of the lower River Murray valley identified in pre-existing engineering drillholes 
and water well logs, and sediment cores and CPTs. Facies are listed in order of stratigraphic succession from oldest to youngest.  
Facies Spatial distribution and regional 
extent 
Sedimentary characteristics Interpretation of depositional 
environment 
Stratigraphic Unit  
Engineering 
drillholes 
and water 
well logs 
Fluvial 
carbonaceous 
(FLcb) 
Occurs discretely at base of lower 
valley-fill at Mannum; unit 12m thick 
and encountered at depths between -
60 and -72m AHD. Recorded 
stratigraphically as the Renmark 
Group (Middle Eocene). 
Black-brown, sandy lignite, some 
very coarse clear sand grains. 
Low-energy organic rich fluvial 
deposition in a marginal embayment 
or brackish swamp such as a 
billabong. Associated with fluvial 
aggradation during lowstand to 
transgressive conditions during the 
late Pleistocene.  
Undifferentiated. 
Recorded in drillers 
logs as mid-Eocene 
Renmark Group.  
 Fluvial sands 
and gravels 
(FLsg) 
Widespread as lower valley-fill; unit 
7-34m thick between Blanchetown 
and Mannum, reducing in thickness 
to 4-22m downstream of Mannum in 
association with bedrock high around 
Swanport. Encountered at depths 
between -8 and -72m AHD. Recorded 
stratigraphically as the Monoman 
Unit (late Pleistocene). 
Brown-grey sand, medium-coarse 
grained, gravel increasing with 
depth, moderately sorted, variable 
organic content, minor glauconite 
lenses, trace of shell fragments. 
Few clay interbeds in uppermost 
section of the unit. 
High-energy fluvial deposits 
associated with environments of the 
river channel and alluvial plain. 
Associated with fluvial aggradation 
in response to base level change 
during the LGM in the late 
Pleistocene. Monoman Formation.  
Late Pleistocene 
Monoman 
Formation. 
 Fluvial sandy 
clayey limestone 
(FLscl) 
Occurs discretely within lower 
valley-fill; unit 10-14m thick. 
Encountered at depths between -12 
and -31m AHD. Recorded 
stratigraphically as either unnamed or 
the Murray Group (Ettrick 
Formation) (Late Oligocene to Mid 
Miocene). 
 
Yellow-green-brown sandy 
clayey limestone/marl, 
fossiliferous (bryozoal, crinoid 
and echinoid), glauconitic, friable 
but with harder cemented lumps. 
Recorded in drillers notes as 
‘sludge’, ‘cliff rock’ and ‘tallus of 
Mannum Group Limestone’. 
Moderate-high energy fluvial 
deposits with inclusions of 
fossiliferous limestone sourced from 
the bordering Mannum Group cliffs. 
Associated with fluvial aggradation 
during transgressive conditions 
during the late Pleistocene to early 
Holocene.  
Undifferentiated. 
Recorded in drillers 
logs as tallus of 
Mannum Group 
Limestone.  
 Fluvial clays 
and silts (FLcs) 
 
Widespread as upper valley-fill; unit 
8-44m thick increasing in thickness 
downstream of Mannum. 
Encountered at depths between -5 
and -44m AHD. Recorded 
stratigraphically as the Coonambidgal 
Unit (Holocene). 
Blue/green-grey clay, slightly 
silty, micaceous, soft and moist, 
occasional interbeds of fine sand, 
minor organic content. 
Fluvial sedimentation within a low-
energy depositional environment 
such as a central basin environment 
evolving broadly under transgressive 
to mid Holocene highstand 
conditions. Coonambidgal 
Formation.  
Holocene 
Coonambidgal 
Formation.  
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CPTus Fluvial sand 
mixtures, basal 
(FLs-b) 
Occurs between Mannum and 
Swanport; unit 1-2m thick, 
encountered at basal depths between -
10 and -18m AHD. 
Sand mixtures; sandy silt to silty 
sand. 
Fluvial aggradation associated with 
the top of the late Pleistocene 
Monoman Unit, representing of 
lowstand to transgressive succession 
of fluvial deposits post the LGM. 
Late Pleistocene 
Monoman 
Formation. 
 Fluvial fine-
grained 
mixtures (FLfg) 
Widespread between Mannum and 
Wellington; unit increases in 
thickness downstream from 9 to 26m 
thick, encountered at depths between 
-1 and -27m AHD. 
Fine-grained mixtures, clay to 
silty clay, clayey silt to silty clay, 
occasional sensitive fine-grained 
sediments.  
Fluvial sedimentation within a low-
energy depositional environment 
such as a central basin environment 
evolving broadly under transgressive 
to mid Holocene highstand 
conditions. Coonambidgal 
Formation. 
Holocene 
Coonambidgal 
Formation. 
 Fluvial s sand 
mixtures, 
surficial (FLs-s) 
Occurs between Mannum and 
Swanport; unit less than 1m thick, 
encountered at surficial depths 
between -1 and -3m AHD. 
Sand mixtures; sandy silt to silty 
sand. 
Fluvial aggradation associated with 
bay-head delta deposits and/or the 
modern-day fluvial regime. 
Modern.  
Sediment 
cores 
Fluvial clays 
and silts, 
laminated 
(FLcs-L) Widespread between Mannum and Wellington, unit 1-4m thick, 
occurring between -4 and -15m AHD. 
Olive-black to grayish-olive silts 
interbedded with cm thick light-
gray clay laminae. Occasional 
grayish-olive fine sand layers 
interrupt the laminated sequence 
with traces of organics, and are 
often associated with 
unconformities. 
Low-energy deposition in a central 
basin environment with low sediment 
remobilisation and long residence 
times. Absence of bioturbation, 
oxidation or pedogenesis. 
Transgressive to highstand conditions 
during the early to mid-Holocene. 
Coonambidgal Formation. 
Holocene 
Coonambidgal 
Formation. 
 Fluvial fine-
grained, 
massive (FLfg-
M) 
Occurs discretely between Mannum 
and Wellington, unit 0.5-1m thick, 
encountered between -10 and -13m 
AHD. 
Gray clay and silt, massively 
bedded, traces of organic content.  
Fluvial sedimentation in a mixed 
energy environment  
during the late Holocene.  
Holocene 
Coonambidgal 
Formation. 
 Fluvial sand, 
massive (FLs-
M) 
Occurs discretely between Mannum 
and Wellington; unit less than 1m 
thick, encountered at maximum depth 
-11m AHD. 
Surficial unit comprises top of 
core sediment. Olive-gray, well 
sorted sand with minor silt and 
clay, variable organic content. 
Massive bedding structures. 
Fluvial sedimentation associated with 
either late Holocene bay-head delta 
deposits and/or the modern regime. 
Modern. 
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2.6 Discussion  
 
The River Murray has incised its present-day course through upper valley-fill sediments of 
the Coonambidgal Formation. Analysis of existing government borehole records, CPTs and 
sediment cores acquired in this investigation reveal that the unit is characterised by low 
permeability, soft fine-grained clays and silts and is widespread/ubiquitous between 
Blanchetown and Wellington (209km reach). The unit increases progressively in thickness 
downstream from 10m to >40m thick, displaying a downstream fining trend and increasing 
clay component towards the river mouth, as depicted in Figure 2.8 and Figure 2.9. Existing 
geological cross-sections at Swan Reach and Swanport support the findings presented here, 
with a downstream increase in upper valley-fill thickness from approximately 10 to 30m 
thick (Figure 2.3). Between Mannum and Wellington (80km reach) the unit is characterised 
by a laminated sequence to depths of at least -15m AHD overlain by massive bedding 
structures marking a change in the depositional regime. These sedimentological 
characteristics and stratigraphic relationships are comparable to descriptions of the 
Coonambidgal Formation in South Australia (Firman, 1973, Brown and Stephenson, 1991) 
and to those described during geotechnical investigations (Coffey Geotechnics., 2012).  
 
Based on conceptual models for incised valley systems and their stratigraphic organisation in 
response to post-glacial sea level rise (Zaitlin et al., 1994), the unit is interpreted to represent 
sedimentation within the low-energy depositional environment of a central basin (Figure 
2.12). These findings form the basis of the Murray central basin hypothesis which I propose 
here and explore in greater detail in Chapter 4 of this thesis. An idealised model for the 
Murray valley in South Australia combining the results of subsurface investigation and 
conceptual models is presented in Figure 2.12. The findings of subsurface investigation imply 
that the central basin extended upstream towards at least Blanchetown approximately 270 
km’s from the river mouth. It is likely that the transition from the seaward reach of the 
incised valley (segment 1 in Figure 2.12) and the middle segment of the incised valley 
(segment 2 in Figure 2.12) is located around Wellington where the lower Murray enters the 
Lower Lakes. The middle reach between Blanchetown and Wellington represents the 
drowned-valley that existed at the time of maximum transgression overlying lowstand to 
transgressive fluvial and estuarine deposits, and is still within the reach where relative sea 
level controls fluvial style. Sedimentation within a drowned and relatively deep valley setting 
is evidenced through the preservation of fine bedding structures (laminae) and an absence of 
bioturbation, oxidation and pedogenesis. These characteristics described for the 
Coonambidgal formation reflect a relatively fluvially dominated deep-water setting (>5m) 
with anoxic conditions, low sediment remobilisation and low residence times. It is likely that 
a transition in sedimentary characteristics of the central basin deposit occurs towards the 
seaward end of the reach (near Wellington) from a mixture of muds, marine sands and 
species to fluvially dominated sedimentation, evidenced by an absence of marine indicators 
in sediment cores.  
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Based on inferences from existing literature and these findings it is presumed that the central 
basin evolved under transgressive to highstand conditions during the early to mid-Holocene. 
Data from the South Australian coast show that present sea level was reached between 8000 
and 7500 cal.yr BP, followed by a variable mid-Holocene highstand (+1-3m) and a smooth 
linear fall to present-day levels during the late Holocene (Belperio et al., 2002, Lewis et al., 
2013). Prior to barrage construction at the Murray Mouth between 1935-40 the waters of the 
Murray were observed to be saline as far upstream as Murray Bridge during low flow drought 
conditions, with pygmy whales living at Tailem Bend in 1926 (State Library of South 
Australia, 2019). During present-day sea level seawater ingress penetrates far upstream 
owing to the exceptionally low slope of the valley (0.000026), forming a central basin 
environment. Hydrodynamic modelling of the River Murray estuary in response to the mid-
Holocene highstand supports the sedimentary record presented here, with conservative 
estimates predicting the extension of the central basin during the mid-Holocene to at least 
Walker Flat (rkm 206), with the minimal tidal limit reaching Blanchetown (rkm 274) 
(Helfensdorfer et al., 2019). This relationship is depicted in Figure 2.12. The geomorphic 
evolution of the lower River Murray in response to post-glacial sea level rise – exploration of 
the Murray central basin hypothesis - became the focus of further investigation as Objective 3 
in Chapter 4 of this thesis.  
 
Situated at the terminus of the MDB and confined/entrenched within the incised Murray 
valley, the central basin acts as a receiving basin for fluvially derived terrigenous material 
from the MDB i.e. suspended sediments loads of clays and silts sourced from geologically 
and climatically distinct regions of eastern Australia. Approximations of the total sediment 
load represented by the Coonambidgal Formation were made for Murray valley based on the 
findings of subsurface investigation in this study (Figure 2.8) (see Supplementary 
Information). Between Blanchetown and Wellington the fine-grained clay and silt rich unit 
represents a total Holocene sediment load of 1,535 Mt, or 128 Mt yr-1. This estimation of 
sediment yield is at least two orders of magnitude greater than estimates for the present-day. 
Delivery of sediment to the ocean from the MDB has been previously estimated as a post-
European sediment load of 1 Mt yr-1  (Wasson et al., 1996), with later estimates an order of 
magnitude smaller, at just 1 x105 tonnes (De Rose et al., 2005). Possible explanations for the 
much larger estimated Holocene sediment load may be attributed to: i) volume estimates 
within Murray valley are too high (e.g. width/depth of the deposit overestimated), ii) the 
sediment accumulated in the upper valley-fill is older than just the Holocene period (more 
time to accumulate), iii) early Holocene fluvial systems carried ten times the sediment load 
than today, with enhanced fluvial discharges and wetter climatic conditions, iv) another 
source of sediment may be preserved within the Coonambidgal Formation (marine sediment 
at the downstream end, tallus/scree from erosion of limestone cliffs). This estimation of 
Holocene sediment load requires refinement through further subsurface investigation.  
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The existence of the geotechnically problematic unit (fine-grained clays and silts of the 
Coonambidgal Formation) between Blanchetown and Wellington has significant implications 
for management of the riverbank collapse hazard. The findings presented here indicate that 
all riverbank margins between Blanchetown and Wellington are underlain by the 
geotechnically problematic soft clay unit, and as per recommendations from geotechnical 
investigations are at risk of failure during future low flows (Sinclair Knight Mertz., 2010, 
Coffey Geotechnics., 2012). The low permeability and high plasticity behaviour of the soft 
clay unit predisposes riverbanks to undrained failures through slow draw-down. Pore water 
pressures are unable to drain in tandem with falling river levels, reducing the factor of safety 
for riverbank margins. Controls on the spatial distribution of failure remain poorly 
understood, and a clearer understanding of why some riverbanks fail when others, underlain 
by the same problematic unit do not, is urgently required. This may be attributed to 
variability in the mechanical behaviour of the unit and/or other influencing factors such as 
riverbank height and slope, and as has become the focus of further investigation addressed as 
Objective 2 in Chapter 3 of this thesis. A consequence of this is that the risk of riverbank 
collapse during future low flows is still not well quantified, posing as significant challenge 
for the management of the riverbank collapse hazard in South Australia.  
 
At the time of writing, current management strategies to address the risk of future riverbank 
collapse are outlined in the Basin Plan (Chapter 8 - Environmental watering plan - Section 
8.06 Protection and restoration of ecosystem functions of water-dependent ecosystems - 
Paragraph 3e). The management plan states that river levels between Blanchetown and 
Wellington (below Lock 1) are to be maintained above 0.4m AHD for 95% of the time where 
practical, and above 0.0 m AHD all of the time to prevent further riverbank collapse. 
Achieving this represents a significant challenge, and possible solutions are highly 
contentious. Ways to maintain river levels (streamflow) to the lower reach include: i) reduced 
urban/rural extraction from the reach; ii) opening of the barrages to sea water ingress, and/or 
iii) sustained water delivery to South Australia - management strategies with significant 
economic, social, agricultural, political and environmental implications at a Basin-wide scale. 
Although the Millennium Drought was the most severe prolonged dry captured on 
instrumental records, palaeoenvironmental analysis has revealed that significantly longer and 
more frequent dry periods have occurred within the Basin within the pre-instrumental record 
(Ho et al., 2015, Vance et al., 2015, Tozer et al., 2016). As such future periods of prolonged 
drought are a real and not perceived risk, with the potential for riverbank collapse and 
instability to occur during future low flows. As such, further investigation is required to 
understand the factors controlling the spatial distribution of failure in order to focus 
monitoring, stabilisation and remediation efforts and management of the riverbank collapse 
hazard along the River Murray in South Australia. 
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2.7 Future research  
 
The findings presented here reveal that all riverbank margins between Blanchetown and 
Wellington are underlain by the geotechnically problematic unit, and therefore may be at risk 
of failure during future low flows, representing a significant management challenge. Controls 
on the spatial distribution of failure remain poorly understood, questions remaining as to why 
failures were more concentrated in the reach between Mannum and Wellington, and why 
some banks failed over others, if all are underlain by the geotechnically problematic unit. 
Identifying controls on this regional variability has become the focus of further investigation 
in order to regionally constrain the riverbank collapse hazard (Chapter 3 of this thesis).  
 
Further, the findings presented here reveal that the Holocene evolution of the lower River 
Murray was characterised by a regionally extensive (200km) central basin environment and 
deposition of a fine-grained clay and silt rich unit. It follows that the deposition of sediments 
at the terminus of the MDB likely disrupts the sediment cascade offshore, with implications 
for sediment flux to the continental shelf and Murray Canyons. Terrigenous sediment flux to 
the Murray Canyons from the MDB is used as a proxy for eastern Australia’s hydroclimatic 
variability. From a geomorphic perspective, the existence of the central basin provides new 
perspectives on the geomorphic evolution of the lower Murray during the Holocene, a reach 
bookended by major drivers of geomorphic change (eustasy and climate). Exploring the 
geomorphic evolution of the fluvial system in response to post-glacial sea level rise, and 
implications for offshore sediment flux, has subsequently become the focus of further 
investigation (Chapter 4 of this thesis). Furthermore, characterising sedimentary signatures of 
the laminated sequence preserved between Mannum and Wellington became the focus of 
future investigation, exploring the use of the sequence as a palaeoflood archive for the MDB 
(Chapter 5 of this thesis). Further avenues of exploration include:  
• Subsurface exploration of the Blanchetown to Mannum reach of the River Murray to 
characterise valley-fill stratigraphy in greater detail in this upstream reach with 
acquisition of sediment cores and CPTs,  
• Deeper subsurface investigation of the valley-fills to characterise the lower valley-fill 
Monoman Formation in greater detail.  
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Figure 2.12. Idealised model for the lower River Murray depicting the Murray central basin hypothesis. The central basin environment exists 
over at least 200 river kms upstream to Blanchetown confined within the narrow 0.5m to 1km wide gorge. Results of subsurface investigation 
depicting the extent of the central basin deposit, the Coonambidgal Formation, and geological cross-section at Swan Reach (A-A’) and 
Swanport (B-B’) are also depicted (see Figure 2.3).  
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2.8 Conclusion 
 
This paper uses a Quaternary science approach to investigate a contemporary engineering 
problem, highlighting the utility and importance of the intersection between disciplines 
working in the same environment. The findings presented here provide the first regional and 
detailed characterisation of the River Murray’s valley-fill sequence in South Australia. 
Further, these findings reveal that the geotechnically problematic unit underlies all riverbank 
margins on the lower Murray in South Australia and emphasises that mitigating the risk of 
river bank instability requires further investigation. The River Murray central basin 
hypothesis provides new perspectives on the geomorphic evolution of the River Murray in 
response to post-glacial sea level rise during the late Quaternary, a previously unexplored 
area within the scientific literature.  
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Supplementary Information  
 
Includes: 
 
Calculations for Holocene sediment load 
Supplementary Tables S1-2 
Supplementary Figures S1-12 
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Calculations for Holocene sediment load 
 
Calculations for Holocene sediment load were based of volumes derived from the upper-
valley fill in Figure 8. The valley was split into three zones as follows: 
Split into three zones from below image: 
1. Blanchetown to Mannum = 119,000m long x 10m thick x 750m wide = 892,500,000 
= 893 mill m3 
2. Mannum to Swanport = 50,000m long x 20m thick x 750m wide = 750,000,000 = 750 
mill m3 
3. Swanport to Wellington = 31,000m long x 35m thick x 750m wide = 813,750,000 = 
814 mill m3 
 
Total volume of Holocene sediment = 2,457 million m3 /1.6 = 1,535 million tonnes. Over the 
Holocene of 12,000 years = 128 million tonnes/year.  
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Table S2. Sediment cores (n=19) and CPTu profiles (n=11) acquired over a total of eleven 
sites between Mannum and Wellington, River Murray, South Australia. Coordinates are 
expressed as GDA94 MGA54.   
Site ID Location Closest river km Easting Northing 
Total 
recovery 
(m) 
Elevation 
(m AHD) 
1 
EFR-SC1 Mannum 156 349747.6 6137822.5 2.3 -6.8 
EFR-SC2 Mannum 156 349745.3 6137814.8 4 -6.5 
EFR-CPTu1 Mannum 156 349749 6137775 8.65 -1 
2 NF-CPTu1 Neeta Flat 143.5 341939 6129444 13.71 -1 
3 WF-CPTu1 Wall Flat 139 346193 6130131 15.85 -1 
4 
WD-SC1 Woodlane Reserve 133 348374.9 6126022.5 2.1 -9.9 
WD-SC2 Woodlane Reserve 133 348374.9 6126022.5 1.1 -9.9 
WD-SC3 Woodlane Reserve 133 348378.8 6126026.7 1.8 -10.8 
WD-SC4 Woodlane Reserve 133 348388.6 6126018.9 1.1 -10.5 
WD-CPTu1 Woodlane Reserve 133 348350 6125995 11.37 -1 
5 AD-CPTu1 Avoca Dell 117 345676 6115810 13.47 -1 
6 
TR-SC1 Thiele Reserve 114 343116.1 6113937.4 0.8 -3.3 
TR-SC2 Thiele Reserve 114 343112.1 6113941.7 1.6 -6.7 
TR-SC3 Thiele Reserve 114 343104.3 6113949.3 2.5 -10.3 
TR-SC4 Thiele Reserve 114 343116.4 6113953.9 2.4 -7.2 
TR-SC5 Thiele Reserve 114 343122.3 6113947.6 1.3 -3.2 
TR-SC6 Thiele Reserve 114 343066.6 6113907.3 2 -10.7 
TR-CPTu1 Thiele Reserve 114 343129 6113921 16.91 -1 
7 
LIM-CPTu1 Long Island Marina 109.5 345564 6110662 17.27 -1 
LIM-CPTu2 Long Island Marina 109.5 345364 6110811 20.43 -1 
8 
MT-SC1 Monteith 104.5 346643.1 6106791.1 0.45 -14.45 
MT-CPTu1 Monteith 104.5 346634 6106805 16.31 -1 
9 
WS-SC1 White Sands 102.5 346777.7 6104951 2.7 -6.3 
WS-SC2 White Sands 102.5 346781.9 6104956.1 1.9 -6.8 
10 
RG-SC0 Riverglen 101 348297.7 6104392.7 2.3 -3.6 
RG-SC1 Riverglen 101 348298.6 6104396.8 2 -5.4 
RG-SC2 Riverglen 101 348299.1 6104399.3 1.6 -6 
RG-CPTu2 Riverglen 101 348214 6104380 21.8 -1 
11 
WEM-SC1 Wellington  75.3 353225 6089830 2.2 -3 
WEM-CPTu1 Wellington  75.3 353233 6089803 27.29 -1 
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Table S3. Engineering drillholes and water well logs assessed from the South Australian 
Resources Information Gateway (SARIG). Coordinates are expressed as GDA94 MGA54, 
and elevation relative to Australian Height Datum (AHD). Those denoted with an asterix 
were recorded from below ground level.  
 
Location Drillhole Type  Easting Northing 
Elevation 
(m AHD) 
Closest 
river km 
Blanchetown 85879 Engineering 372922.03 6198707.99 5.03 274 
Swan Reach 85458 Engineering 371055.93 6172095.2 0.76 245 
Teal Flat 85307 Engineering 366521.84 6139908.25 0* 175 
Mannum 73409 Engineering 349204.82 6137915.18 1.31 156 
Mypolonga 197858 Water Well 349448.5 6119800 0* 124 
Avoca Dell 70978 Engineering 344067.79 6114650.13 0.03 115 
Murray Bridge 71350 Engineering 342770 6113018 3.47 113 
Swanport 71336 Engineering 346364.84 6108814.1 0.75 107 
Monteith 71337 Engineering 346395.75 6106955.14 1.52 104 
Tailem Bend 229458 Water Well 359240.51 6097094.11 0* 87 
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Figure S1. Results of subsurface investigation at Site 1. a) Cross-sections 
of River Murray valley looking downstream depicting location of sediment 
cores (SC) and cone penetrometer tests (CPT). b) Lithological logs of 
sediment cores. c) CPTs profiles displaying raw parameters and analysis of 
soil behaviour type (SBT).  
 
 
Figure S2. Results of subsurface investigation at Site 2. a) Cross-sections 
of River Murray valley looking downstream depicting location of cone 
penetrometer test (CPT). b) CPTs profiles displaying raw parameters and 
analysis of soil behaviour type (SBT).  
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Figure S3. Results of subsurface investigation at Site 3. a) Cross-
sections of River Murray valley looking downstream depicting 
location of cone penetrometer test (CPT). b) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
 
 
 
Figure S4. Results of subsurface investigation at Site 4. a) Cross-
sections of River Murray valley looking downstream depicting 
location of sediment cores (SC) and cone penetrometer tests 
(CPT). b) Lithological logs of sediment cores. c) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
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Figure S5. Results of subsurface investigation at Site 5. a) Cross-
sections of River Murray valley looking downstream depicting 
location of cone penetrometer test (CPT). b) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
 
 
Figure S6. Results of subsurface investigation at Site 6. a) Cross-
sections of River Murray valley looking downstream depicting 
location of sediment cores (SC) and cone penetrometer tests 
(CPT). b) Lithological logs of sediment cores. c) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
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Figure S7. Results of subsurface investigation at Site 7. a) Cross-
sections of River Murray valley looking downstream depicting 
location of cone penetrometer test (CPT). b) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
 
 
Figure S8. Results of subsurface investigation at Site 8. a) Cross-
sections of River Murray valley looking downstream depicting 
location of sediment cores (SC) and cone penetrometer tests 
(CPT). b) Lithological logs of sediment cores. c) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
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Figure S9. Results of subsurface investigation at Site 9. a) Cross-
sections of River Murray valley looking downstream depicting 
location of sediment cores (SC) b) Lithological logs of sediment 
cores.  
 
 
 
Figure S10. Results of subsurface investigation at Site 10. a) Cross-
sections of River Murray valley looking downstream depicting 
location of sediment cores (SC) and cone penetrometer tests 
(CPT). b) Lithological logs of sediment cores. c) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
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Figure S11. Results of subsurface investigation at Site 11. a) Cross-
sections of River Murray valley looking downstream depicting 
location of sediment cores (SC) and cone penetrometer tests 
(CPT). b) Lithological logs of sediment cores. c) CPTs profiles 
displaying raw parameters and analysis of soil behaviour type 
(SBT).  
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Figure S12. Optical images and lithological logs of sediment cores (n=11) acquired from the 
LMR in South Australia. Cores are presented longitudinally from Wellington downstream (76 
river km) to Mannum (156 river km).  
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3 CHAPTER 3 
 
Explaining the distribution of riverbank collapses during 
Australia’s ‘Big Dry’: the role of antecedent controls and 
geomorphic legacy on the River Murray in South 
Australia 
 
 
 
ABSTRACT 
 
During the peak of a severe drought the lower River Murray in South Australia experienced 
over one hundred large riverbank failures. This phenomenon was unusual in a reach that is 
normally considered very stable. Also, riverbanks usually fail during the recession of floods 
not during prolonged drought.  The failures occurred in a fine-grained clay unit that 
characterises the upper valley-fill (Coonambidgal Formation), within which the present-day 
river has incised.  Geotechnical investigations have identified the mechanics of the failures, 
but have not explained their distribution along the river.  This paper attempts to explain the 
distribution of these failures along the River Murray in South Australia.  Failures occur along 
channel margins associated with structurally forced scour pools adjacent to and/or 
downstream of bedrock valley margins and mid-channel bedrock outcrops. Riverbanks at 
these locations experience scour at the toe of the slope, and as such have steeper slopes and 
increased bank heights, increasing their susceptibility to fail during future low flows. These 
findings reveal the role of antecedent controls on the regional distribution of failure on the 
lower Murray, and represent a first-pass assessment in identifying channel margins at an 
elevated risk of failure, improving management strategies during future low flows.   
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3.1 Introduction 
 
At the peak of the Millennium Drought (2008-10), the River Murray in South Australia 
experienced widespread and mass failure of riverbank margins over an approximately 200km 
reach between Blanchetown (Lock 1) and Wellington (Figure 3.1 & Figure 2.2). The 
Millennium Drought (1997-2010), commonly referred to as Australia’s ‘Big Dry’, was the 
most severe drought in ~120 years of climate records, with lower than average rainfall across 
eastern Australia severely influencing Murray Darling Basin (MDB) streamflow (CSIRO, 
2010, van Dijk et al., 2013). As a direct consequence, river levels in the lower Murray fell 1.8 
metres below the normal operating range, a total of 1.5m below sea level, triggering 
widespread failure of riverbank margins (Jaksa et al., 2013, Hubble et al., 2015) (Figure 3.3).  
 
Over one hundred cases of riverbank collapse and instability (ground movement and 
subsidence) were reported for the lower Murray during the Millennium Drought (Figure 3.1b 
& Figure 2.2). The majority of failures were concentrated within an 80km reach between the 
townships of Mannum and Wellington and occurred during the summer-autumn months, 
when river levels dropped to their lowest historical levels (Figure 3.1b, Figure 2.2, Figure 
3.3). A river fall of 1.5m below sea level was possible due to barrages at the Murray Mouth 
which prevent sea water ingress. Prior to barrage construction in the 1930s, during low flows 
and prolonged drought such as the Federation Drought (1891-1903), seawater would ingress 
far upstream and maintain river levels. As such riverbank collapse of this nature (high risk, 
deep seated rotational) has not been previously been recorded on the lower Murray. Failure 
events were unpredictable in their timing and location of collapse, occurring rapidly with 
little warning and what appears to be a random distribution. Failure and instability ranged in 
severity from deep-seated rotational failures with bank retreat in excess of 15 m; to severe 
cracking with consistent instability; to relatively minor cracking. Failures threatened social 
and economic assets (people, property and public utility) with moderate to catastrophic 
consequences (potential loss of life). The largest failure occurred in February 2009 at Long 
Island Marina south of Murray Bridge, whereby collapse of 250m of the vegetated riverbank 
occurred without warning, resulting in over 30 m of bank retreat. The failures destroyed 
permanent houseboat moorings, submerging three parked cars (with near fatalities) and a 
series of historical river red gums (Figure 3.1c-d). Not only did these failures represent rapid 
geomorphic change in a reach that is normally considered very stable, but they also occurred 
during a three-year period of extremely low flows, and could represent the first recorded case 
of riverbank collapse during prolonged drought reported in scientific literature.  
 
Extensive geotechnical investigations were undertaken during the drought in order to better 
understand the driving mechanisms contributing to failure (Sinclair Knight Mertz., 2010, 
Schiller and Wynne, 2010, Tajeddin et al., 2011, Coffey Geotechnics., 2012, Liang et al., 
2012, Jaksa et al., 2013, Liang et al., 2015a, Liang et al., 2015b, Hubble et al., 2015, 
Jamieson, 2016). Subsurface investigation undertaken at four sites along the lower Murray 
encountered a low permeability soft-clay unit 1-20m below ground level, and deemed the 
physical and mechanical properties of the unit instrumental in contributing to failure. These 
investigations found that collapse was the result of undrained failures triggered by lowered 
river levels (slow/delayed drawdown), pore-water pressures unable to drain in tandem with 
falling river levels in the soft clay unit, reducing the Factor of Safety (Fs) for riverbank 
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margins (Sinclair Knight Mertz., 2010, Coffey Geotechnics., 2012). Geotechnical 
investigations concluded that “during periods of low river level it should be assumed that 
riverbank collapse could occur where the riverbanks are underlain by the soft clay” (Sinclair 
Knight Mertz., 2010, Coffey Geotechnics., 2012). However, this geotechnically problematic 
unit along the River Murray (between Blanchetown and Wellington) is now known to 
underlie the entire area, so its distribution does not apparently define the local distribution of 
failures. Further, slope stability modelling and sensitivity analysis (incorporating various 
riverbank geometries, soil properties, and river level scenarios) highlighted the 
unpredictability of the location of collapse (Sinclair Knight Mertz., 2010, Schiller and 
Wynne, 2010, Tajeddin et al., 2011, Coffey Geotechnics., 2012, Liang et al., 2012, Liang et 
al., 2015b, Liang et al., 2015a). Analyses found that collapse occurred over a wide range of 
riverbank slopes and along geomorphologically diverse reaches of the Murray channel i.e. on 
both inside (accreting) and outside (eroding) meander bends. Head-loads imposed by 
anthropogenic fill were found to reduce the Fs but were not diagnostic of failure, with large 
failures occurring on riverbanks with no fill present. Failures also occurred on both vegetated 
and unvegetated riverbanks, contrasting with the common experience where rooting 
structures act to increase the shear strength of the riverbank material (Abernethy and 
Rutherfurd, 2000, Abernethy and Rutherfurd, 2001, Hubble et al., 2010). Thus, it is not clear 
why some riverbanks fail and others do not when all banks are underlain by the same 
sedimentary unit, and as such controls on the spatial distribution of failure are poorly 
understood.  
 
The objective of this chapter is to investigate trends in the spatial distribution of failure along 
the River Murray in south Australia. In this study I map the geomorphology of the lower 
River Murray to investigate fluvial form-process relationships and controls that may 
influence the regional distribution of failure. The aim is to identify riverbank margins at an 
elevated risk of failure for targeted management of the riverbank collapse hazard. 
Specifically, this chapter considers the following questions: 
• Why did some riverbanks fail over others, if all are underlain by the problematic soft 
clay unit? 
• What do bathymetric surveys reveal about the nature and character of riverbank 
collapse? 
• What factors explain the spatial distribution of failure on the lower River Murray in 
South Australia?  
• Does mapping reveal trends and associations in the spatial distribution of failure and 
specific geomorphic and hydraulic processes? 
• Is it possible to identify areas at a higher risk of failure to inform targeted 
management strategies during future low flows?  
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Figure 3.1.a) The River Murray (bold) and the Murray-Darling Basin (MDB) across eastern 
Australia. The lower River Murray River in South Australia (inset). b) Lower River Murray 
between Blanchetown (Lock 1) and Wellington showing the occurrence of riverbank collapse 
and instability reported during the Millennium Drought c) Long Island Marina south of Murray 
Bridge before riverbank collapse (Source: Google Earth image 2002). d) Long Island Marina 
post riverbank collapse in February 2009, representing a loss of approximately 250 m of 
riverbank and bank retreat in excess of 30 m (Source: Google Earth image 2010). e) 
Bathymetric image of failure debris at Long Island Marina (Source: Google Earth image 
2009).  
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Figure 3.2. Examples of riverbank collapse along the lower River Murray triggered by 
lowered river levels during the Millennium Drought. Failure scars are outlined in dashed 
white line. a) Thiele Reserve, Murray Bridge. Note public boat ramp to the right of failure, 
and unvegetated riverbank (only grasses). b) Woodlane Reserve, Mypolonga. Public 
pumping infrastructure was damaged during this collapse. c) Long Island Marina, Murray 
Bridge. Marina spit collapsed submerging three cars and a historical River Red Gums. d) 
Bells Landing, Monteith. Collapse occurred adjacent to a public boat landing and exotic 
willows were submerged.  
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Figure 3.3. River levels recorded in the lower River Murray at Blanchetown and Murray 
Bridge during the Millennium Drought. Inset A depicts the onset of riverbank collapse and 
instability.  
  
   
 
 
67 
3.2 Regional setting  
 
The River Murray originates in the Great Dividing Range and flows east-west across a semi-
arid landscape through New South Wales and Victoria before following a southerly course in 
South Australia and meeting the Southern Ocean through the Lower Lakes (Alexandrina and 
Albert) and Murray Mouth near Goolwa. This reach represents the terminus of the Murray-
Darling Basin (MDB) which covers 14% of Australia’s landmass. Draining Australia’s 
richest agricultural region, the Murray is considered amongst the most highly regulated rivers 
in the world, with headwater dams and lowland weirs controlling flow variability and stage 
height, and abstraction for irrigation, urban and rural water supply (Nilsson et al., 2005). 
Barrages at the Murray Mouth (constructed in the 1930’s) preserve a freshwater environment 
for agricultural production and maintain water levels in the terminal coastal lagoons into 
which the river debouches.  
 
For the purposes of this investigation the lower River Murray is defined as the reach between 
Blanchetown (Lock 1) and Wellington in South Australia (an approximately 209 river km 
reach). Between Blanchetown and Wellington the River Murray is a partly confined, low 
sinuosity, suspended load channel with low stream power, cohesive bank materials and an 
exceptionally low-gradient (0.000026) (Thoms and Walker, 1993, Walker and Thoms, 1993). 
The lower Murray can be separated into two seperate geomorphic regions: the Gorge reach 
between Blanchetown and Mannum and the Floodplains reach between Mannum and 
Wellington (Walker and Thoms, 1993). The Murray enters the narrow steep-sided limestone 
gorge of the Ogliocene-Miocene Murray Group, 30-40m high and 0.5 to 1.5 km wide, above 
Blanchetown. Within the gorge the river’s course is structurally controlled and characterised 
by a main channel flanked by natural levees and distributary billabongs (wetlands), with long 
straight sections of channel and more angular and meandering sections where the river abuts 
the limestone cliffs (Thomson, 1975, Twidale et al., 1978, Walker and Thoms, 1993). The 
Murray emerges from the Gorge below Mannum into the Floodplains reach, characterised by 
bedrock controlled discontinuous floodplains and isolated limestone and granite bluffs 
(Twidale et al., 1978). These low-lying floodplains were once extensive swamplands, 
reclaimed (drained and levelled) for agricultural purposes, representing approximately 5,200 
hectares of flood irrigated agriculture between the townships of Mannum and Wellington 
(Mettam et al., 2013). Floodplains are proximal to the main channel and are active surfaces 
able to be inundated within the contemporary regime, with an absence of inactive floodplains 
(historical terraces). Earthen levee embankments Artificial earthen embankments were 
constructed along channel margins during this time and stabilised with exotic willows in an 
attempt to contain the river in the main channel and prevent inundation of agricultural assets 
(Thomson, 1975, Walker and Thoms, 1993). Within this geomorphic setting, the lower 
Murray River has been considered remarkably stable since European colonisation compared 
to rivers globally (Rutherfurd, 1991, Thoms and Walker, 1993), adjustment through mass 
wasting processes limited by a combination of inherited structural constrains, cohesive bank 
materials and a heavily regulated contemporary regime (Rutherfurd, 1991). As such, recent 
riverbank collapse represented rapid geomorphic change. 
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3.3 Methods  
3.3.1 Data acquisition  
 
Data acquisition for geomorphic mapping of the lower River Murray was undertaken at three 
reaches: Mannum, Caloote and Murray Bridge (Figure 3.4). These reaches became the focus 
of mapping efforts due to the density of social and economic assets within these reaches and 
the high occurrence of failure reported here. Mapping of the entire length of the lower 
Murray between Blanchetown and Wellington (approx. 209 river kms) was beyond the scope 
of this investigation. In this study distances along the river are described by a river kilometre 
(rkm) from Blanchetown (Lock 1) (209 rkm) to Wellington (76 rkm) where the river meets 
the coastal Lakes Alexandrina and Albert.  
 
Mapping was undertaken using a combination of nationally available datasets for the lower 
River Murray: 
a) 1 second (~30 m resolution) Shuttle Radar Topography Mission (SRTM) 
Hydrologically Enforced Digital Elevation Model (DEM-H) obtained from 
Geoscience Australia, 
b) stitched bathymetry and LiDAR dataset of the Murray River channel and floodplains 
(2 m resolution) obtained from the Department of Environment, Water and Natural 
Resources (DEWNR), South Australia,  
c) Google Earth images,  
d) lower Murray levee profile data obtained from WaterConnect, South Australia, and 
e) bathymetric cross-sections of the Murray channel from Swan Reach to Wellington 
acquired by the Hydrographic Services section of South Australia Water (5 m 
resolution),  
f) high-resolution (1m) multibeam bathymetric surveys acquired as part of this 
investigation between Mannum and Wellington in 2014 by Gareth Carpenter of SA 
Water - Hydrographic Services, and  
g) multibeam bathymetric surveys (~2m resolution) acquired as channel cross-sections 
spaced 100m apart along the lower Murray channel by Gareth Carpenter of SA Water 
- Hydrographic Services. 
These additional bathymetric surveys (dataset f) complemented those previously acquired 
during the Millennium Drought which only focussed on small sections of the failed 
riverbanks and were initially intended to identify near-surface navigational hazards. The 2014 
bathymetric surveys span the width of the Murray channel along the three selected reaches at: 
Mannum from rkm 153.8 to 157.5 (total 3.7 rkms); Caloote from rkm 130.9 to 149.4 (total 
18.5 rkms); and Murray Bridge from river km 99.2 to 118 (total 18.8 rkms) (Figure 3.4). 
Surveys were conducted in 2014 by the Hydrographic Services section of South Australia 
Water using an R2sonic 2022 sonar with 300kHz frequency. Bathymetric soundings were 
collected and processed using Hypack Software. Position, heading and velocity data were 
acquired using Trimble 332 High Precision GPS, CSI Vector Pro and Reson SVP-40 
respectively, and integrated with measurements for surface water elevation (Trimble R7 RTK 
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GPS) and heave, pitch and roll using a DMS 05 motion sensor. Post-survey processing with 
Hypack Software included: (i) removal of multiples; (ii) sound velocity corrections; (iii) tide 
and water surface elevation corrections; (iv) integration with motion sensor and navigation 
information; and (v) thinning soundings to a gridded surface and 1m2 cell size using a CUBE 
multibeam data processing algorithm, and exported to xyz format for analysis.  
 
A regional assessment of riverbank margins was undertaken from the high-resolution 2014 
bathymetry to investigate spatial patterns in the regional distribution of failure. The 
bathymetric datasets of the Mannum, Caloote and Murray Bridge sub-reaches span the entire 
width of the channel and enabled identification of failure scars and debris preserved on 
riverbank margins. The surveyed reach represents a total of 41 river kms between Mannum 
and Wellington (approx. 80km reach).  
 
3.3.2 Geomorphic mapping 
 
Geomorphic mapping of the Mannum, Caloote and Murray Bridge reaches was undertaken 
using a taxonomic framework established by Wheaton et al. (2015) which delineates fluvial 
margins, structural elements and geomorphic units, as they exert a critical control upon river 
character. The resulting maps provide a simplified assessment of the lower Murray’s 
geomorphology based on form-process based relationships from which the assemblage of 
fluvial landforms, their spatial pattern and configuration can be inferred (Wheaton et al., 
2015). Geomorphic mapping of the three reaches was undertaken using a 4-Dimensional 
imaging package Fledermaus V 7.4 with an ArcGIS extension. Failure and instability 
recorded in the historical incident register were depicted on the geomorphic maps in order to 
identify whether particular fluvial landforms influence the regional distribution of failure, as 
were the location of social/economic assets.  
3.3.2.1 Margins 
 
Mapping of natural and anthropogenic margins, defined by Wheaton et al. (2015) as a border 
or edge between distinct regions (e.g. valley, channel, levee margins), was performed using 
datasets a) and b) with a lowest resolution of 2m. We define channel margins (riverbanks) as 
the border between in-channel features and out-of-channel features (dependent on flow stage 
height), representing riverbank slopes upon which the Millennium Drought failures were 
concentrated. From this, confining margins were identified as any section of the channel bank 
that abuts against a natural or anthropogenic margin. Confining margins act to constrain 
lateral adjustment of a channel and determine the capacity for adjustment during the course 
of its evolution (Nicoll and Hickin, 2010).   
3.3.2.2 Structural elements and geomorphic units 
 
Mapping of structural elements and geomorphic units as per Wheaton et al. (2015) was 
performed using a combination of datasets b) to f), with a lowest resolution of 1m. Structural 
elements are defined as those that have direct contact with river flow and produce flow 
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separations leading to the forcing of shear zones (Manners et al., 2013), creating hydraulic 
conditions conducive to scour around the obstructions they cause, with lower flow energy 
wakes or eddies forming on one side of the flow and higher energy convergent flows on the 
other side. Bedrock valley margins may also be defined and mapped as structural elements as 
they have direct contact with the flow alter hydraulic conditions. Distinctive geomorphic 
units develop as a consequence of the altered flow hydraulics, fluvial-landforms with a form-
process association that are a by-product of the deposition/erosion of sediment/bedrock. 
Structural elements were mapped and described accounting for key attributes such as the 
orientation/position, obstruction type and shear zones it creates. Geomorphic units were 
mapped using 5m contours and described accounting for stage height (in-channel, out-of-
channel), shape (concave, convex, planar) and key attributes of morphology (forcing, 
orientation, position, low water surface slope and low water relative roughness).  
 
 
Figure 3.4. Lower River Murray between Blanchetown and Wellington showing the location 
of geomorphic mapping undertaken at: i) Mannum; ii) Caloote; and, iii) Murray Bridge sub-
reaches.  
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3.4 Results – geomorphic mapping  
 
The results of geomorphic mapping for the Mannum, Caloote and Murray Bridge sub-reaches 
are discussed below and depicted in Table 3.1 and Figure 3.5-3.7. Additional larger figures of 
geomorphic mapping are provided in Supplementary Information to aid analysis 
(Supplementary Figures S1-3).  
3.4.1 Margins 
 
Bedrock valley margins, in the form of the Murray’s limestone cliffs and isolated granitic 
bluffs, were persistent features mapped for the three sub-reaches of the lower Murray (Table 
3.1, Figure 3.5-3.7). Valley margins act to deflect meandering of the Murray channel, the 
resistant bedrock representing the maximum allowance of lateral channel adjustment at these 
locations and as such represent confining margins. Earthen levee margins (anthropogenic) 
flank the majority of floodplains for the Caloote and Murray Bridge sub-reaches, however 
were absent from the Mannum reach. Levee margins were initially constructed on reclaimed 
swamplands (floodplains) to protect agricultural assets from river inundation and stabilised 
with exotic willows. As a direct consequence, a dense buffer of partially submerged riparian 
vegetation flanks levee margins, discussed as a structural element below. These levee 
margins similarly act to constrain channel adjustment under the (heavily regulated) 
contemporary regime, and as such are also identified as confining margins.  
 
The three sampled reaches display varying degrees of channel confinement (natural and 
anthropogenic). Within the Mannum reach, the channel abuts a single confining valley 
margin, owing to the short sampled reach, representing channel confinement along approx. 
10% of its total length. Within the Caloote and Murray Bridge reaches the river abuts a 
confining margin along >80% of its total length. Valley margins represent antecedent 
controls on the Murray’s capacity to laterally adjust during the course of its geomorphic 
evolution, upon which artificial levee margins (earthen embankments) are superimposed and 
represent anthropogenic controls upon the contemporary regime. Unconfined channel 
margins represent fluvial margins with the ability to laterally adjust under the present-day 
regime. These unconfined channel margins typically support a dominance of social and 
economic assets along the lower River Murray. This relationship is most clearly depicted in 
the Caloote (Figure 3.6) and Murray Bridge (Figure 3.7) sub-reaches where mapping depicts 
infrastructure (house icon) associated with unconfined reaches.  
3.4.2 Structural elements  
 
Three structural elements were mapped for the Mannum, Caloote and Murray Bridge sub-
reaches: 1) bedrock outcrops (bank attached or mid-channel); 2) riparian vegetation; and 3) 
other (bridge pylons and shipwrecks) (Table 3.1, Figure 3.5-3.7). These features alter flow 
hydraulics producing geomorphic features.  
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3.4.2.1 Bedrock outcrops 
 
Bank-attached (connected to one side of a channel margin) bedrock outcrops occurred where 
the Murray channel abutted against a bedrock valley margin. Bathymetric surveys revealed 
bedrock flush with the channel margin at these locations, best depicted in Figure 3.6c along 
the bedrock valley margin upstream of Woodlane Reserve. Mid-channel bedrock outcrops 
occurred specific to the Murray Bridge sub-reach and reflect known granitic bedrock highs in 
this area (Twidale et al., 1978). Whether bank-attached or mid-channel, bedrock outcrops 
were orientated streamwise, the obstruction formed a complete barrier forcing shear zones 
and creating hydraulic conditions conducive to scour immediately around or downstream of 
the outcrop and development of geomorphic units such as structurally forced pools (discussed 
below).  
 
Mapping revealed that Long Island has formed as the result of a mid-channel outcrop located 
downstream of the rail and road bridges at Murray Bridge (Figure 3.7 and Figure 3.8). This 
outcrop spans the width of the channel and results in flow bifurcation and the development of 
a longitudinal bar likely resulting from wakes in the lee of the obstruction. Scouring around 
the mid-channel outcrop into the adjacent channel margins is also evident, depicted in Figure 
3.8a. The longitudinal bar (Long Island) has developed as a vegetated feature (approx. 1.8km 
in length), and divergent shear zones from the outcrop have forced a secondary channel 
around Long Island (Figure 3.7 and Figure 3.8). 
3.4.2.2 Riparian vegetation  
 
Riparian vegetation flanks the majority of channel margins between Mannum, Caloote and 
Murray Bridge associated with the construction of artificial levees (Figure 3.5-3.7). Riparian 
vegetation is characterised by partially submerged willows growing on the river banks, 
representing a relatively porous obstruction where flow is forced over, around or through. It 
is likely that this riparian vegetation acts to prevent/modify hydraulic scour of the channel 
margin slopes by exerting a roughness and drag on the flow resulting in downstream wakes 
and dissipating shear velocities caused from adjacent bedrock outcrops (Simon et al., 2000).  
3.4.2.3 Other 
 
Two additional structural elements were identified specific to the Murray Bridge sub-reach – 
pylons from rail/road bridges and shipwrecks. Bridge pylons associated with Murray bridge 
and Swanport bridge are positioned mid-channel, representing complete barriers to flow 
forcing shear zones and downstream eddies. Bathymetric analysis revealed that their presence 
appears to have a minor effect on forcing of geomorphic units, with nearby mid-channel 
bedrock outcrops dominating the spatial configuration of geomorphic units. A number of 
shipwrecks were identified between Murray rail and road bridge and Long Island (Figure 
3.7). Some of these wrecks are recorded in the South Australian Register for Historic 
Shipwrecks and mapped by the River Boat Heritage Trail (Deptartment of Environment, 
2018), and provide a glimpse into the Murray’s maritime history.  
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3.4.3 Geomorphic units  
 
Structurally forced pools were the dominant geomorphic unit identified during geomorphic 
mapping of the lower Murray, a direct result of altered flow hydraulics associated with bank 
attached and mid-channel bedrock outcrops (Table 3.1 and Figure 3.5-3.7). These were 
inherently associated with channel meanders within this mixed alluvial-bedrock system.  
3.4.3.1 Structurally forced pools  
 
Structurally forced pools occurred immediately adjacent to bank-attached outcrops and 
downstream of mid-channel outcrops. Pools displayed varying characteristics depending on 
the structural forcing, reflecting variability in flow hydraulics and shear zones. Pools 
associated with bank-attached outcrops and valley margins are characteristic of the Mannum 
and Caloote sub-reaches. They are elongate in shape with gradual entry/exit boundaries and 
often span the entire width of the channel, their length dictated by the extent of the bedrock 
valley margin. Typical pool depths ranged from 10 to 20 metres. This is demonstrated best in 
Figure 3.5 & Figure 3.6. The formation of these pools is likely influenced by constrictions in 
channel width imposed by the bedrock valley margins, forcing hydraulic scour of the channel 
bottom. This is reflected in a decrease in width/depth ratios observed at these locations 
(Figure 3.9) (Hubble et al., 2015). Pools associated with mid-channel outcrops were specific 
to the Murray Bridge sub-reach. They are circular in shape with abrupt entry and gradual exit 
boundaries. As such a series of pools located around Swanport were identified as plunge 
pools and reached depths of >25m (Figure 3.7 & Figure 3.8). These pools are known to local 
fishing enthusiasts as ‘cod-holes’, and are thought to act as aquifer recharge points within the 
Murray River system(Lawrie et al., 2012). Critically, all bank-attached pools (those 
associated with outcropping bedrock along a channel margin) and many mid-channel pools 
were also located abutting/adjacent to unconfined channel margins able to laterally adjust 
under the present regime. In all cases these channel margins displayed steeper slopes and 
bank heights resulting from forced hydraulic processes (scour) at the toe of the riverbank.  
 
Forced pools gradually transition into planar, featureless glides/runs along straight sections of 
channel downstream from the influence of the structural confines. A curious lack of bedforms 
was evident on these glides, and is possibly due to the heavily regulated nature of the reach. 
Within the Caloote and Murray Bridge sub-reaches individual pools often link together 
forming a long continuous pool, reflecting the high degree of structural forcing at play within 
these reaches. As the Mannum sub-reach contains only one valley margin owing to the short 
surveyed reach, structural forcing appears to be less dominant. Interestingly, in reaches with a 
higher degree of structural confinement it was noted that the thalweg of the river channel 
often followed the inside and traditionally meander bend, eroding the traditionally accreting 
side. This is illustrated in Figure 3.8b at Swanport.  
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Table 3.1. Results of geomorphic mapping of Mannum, Caloote and Murray Bridge sub-reaches. 
 Type Characteristics Form-process relationship  Association  Sub-reach 
Margins  
Bedrock valley 
margin (natural) 
Murray limestone cliffs 
or isolated granitic 
bluffs. 
Confining margin. Deflect meandering of channel. 
Antecedent control on geomorphic channel 
adjustment.  
Upstream of unconfined channel 
margins and structurally forced pools 
Mannum, 
Caloote, 
Murray Bridge  
Earthen levee 
margin 
(anthropogenic) 
Flank channel margins 
and stabilized with 
exotic willows. 
Confining margin. Anthropogenic control on 
channel adjustment within contemporary regime. 
Downstream of unconfined channel 
margins and structurally forced pools 
Caloote, 
Murray Bridge 
Structural 
elements 
Bedrock 
outcrops  
Bank-attached or mid-
channel.  
Alter shear zones, force zones of erosion and/or 
deposition immediately around or downstream of 
outcrop.  
Alongside valley margins (bank-
attached). Downstream/adjacent to 
structurally forced pools (mid-
channel). 
Mannum, 
Caloote, 
Murray Bridge 
Riparian 
vegetation  
Partially submerged 
exotic willows. 
Porous obstruction, flow is forced over, around or 
through. May prevent scour by exerting roughness 
and drag on flow.  
Stabilisation of levee margins. 
Downstream of unconfined reaches.  
Mannum, 
Caloote, 
Murray Bridge 
Other (bridge 
pylons, 
shipwrecks) 
Mid-channel. Minimal effect observed on erosion/deposition.  Anthropogenic infrastructure.  Murray Bridge 
Geomorphic 
units  
Structurally 
forced pools 
(from bank-
attached 
outcrops) 
Elongate, gradual 
entry/exit boundaries, 
span entire width of 
channel. Depths between 
10-20m.  
Suggestive of hydraulic scour and channel 
incision associated with width constrictions from 
bedrock valley margins.  
Adjacent to bank-attached bedrock 
outcrops and alongside unconfined 
channel margins. Length dictated by 
extent of bedrock valley margin.  
Mannum, 
Caloote, 
Murray Bridge 
Structurally 
forced pools 
(from mid-
channel 
outcrops) 
Circular, abrupt entry 
and gradual exit 
boundaries. Depths 
>25m.  
Suggestive of shear velocities associated with 
hydraulic jumps. 
Downstream of mid-channel bedrock 
outcrops.  Murray Bridge 
Glide/Run Planar, featureless 
(absence of bedforms).  
Straight sections of channel where river is free 
from margins. 
Downstream of structurally forced 
pools.  
Mannum, 
Caloote, 
Murray Bridge 
Long Island Vegetated island 1.8 km long 
Result of flow bifurcation and downstream wake 
in lee of mid-channel outcrop.  Downstream of mid-channel outcrop.  Murray Bridge 
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Figure 3.5. Results of geomorphic mapping for the Mannum sub-reach. a) DEM and high resolution 
bathymetry used for geomorphic mapping. b) Geomorphic map produced for the Mannum sub-reach. c) 
Geomorphic map in the context of high resolution bathymetry depicting exposed bedrock along the 
valley margin and the resultant structurally forced pool. A decrease in channel width associated with the 
valley margin can also be observed.  
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Figure 3.6. Results of geomorphic mapping for the Caloote sub-reach. a) DEM and high-resolution 
bathymetry used for geomorphic mapping. b) Geomorphic map produced for the Caloote sub-reach 
depicting failure zone. c) Geomorphic map in the context of high resolution bathymetry depicting 
exposed bedrock along the valley margin, the resultant structurally forced pool and downstream failure 
zone. Note the failure zone occurs along an unconfined channel margin nestled between an upstream 
antecedent control (valley margin) and a downstream anthropogenic control (levee margin) on channel 
adjustment. d) Failure scars and debris associated with deep-seated and shallow-planar failures within 
failure zone. Reported failure (incident #7) is depicted adjacent to unreported failures.  
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Figure 3.7. Results of geomorphic mapping for the Murray Bridge sub-reach a) DEM and high-resolution 
bathymetry used for geomorphic mapping and shipwreck located at Murray Bridge. b) Geomorphic map 
produced for the Murray Bridge sub-reach depicting failure zone. c) Failure scars and debris associated 
with deep-seated and shallow-planar failures within failure zone. Reported failure (incident #50) is 
depicted adjacent to unreported failures.  
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Figure 3.8. Geomorphic maps and high-resolution bathymetry within the Murray Bridge sub-reach. a) 
Features of geomorphic map identifying bedrock outcrop, resulting flow bifurcation and development of 
Long Island. Erosion and unreported failure scar in associated with bedrock outcrop is also depicted. b) 
Structurally forced plunge pools located around Swanport interspersed by planar featureless glides/runs. 
Note associated with unconfined channel margins. c) and d) close up imagery of plunge pool 
characteristics at Swanport.  
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3.4.4 Spatial patterns in the distribution of failure  
 
A regional assessment of bathymetric surveys revealed a high prevalence of failures within 
the Caloote and Murray Bridge reaches, many of these previously unidentified in earlier site-
specific investigations. Two distinct failure types were identified from the high-resolution 
bathymetry acquired for this study based on their morphological characteristics and classified 
here as: i) deep-seated rotational failures, and; ii) shallow-planar failures (Figure 3.6d & 
Figure 3.7c).  
 
Deep-seated rotational failures are characterised by sharply defined failure scars with steep 
headwalls and bank retreat between 5-15 m, and distinct angular failure blocks at the toe of 
the bank. The number of high-risk deep-seated rotational failures identified in the reach scale 
bathymetry is illustrated in Table 3.2. These failures are documented as those that occurred 
during the recent Millennium Drought, depicted in Figure 3.6d at Woodlane Reserve as 
incident #7 and in Figure 3.7c south of Swanport at Riverglen as incident #50 in the historical 
incident register. A series of unreported deep-seated rotational failures were also identified, 
occasionally co-located with reported failures. This is best demonstrated within the Murray 
Bridge sub-reach in Figure 3.7c at Riverglen adjacent to incident #50. It is possible that these 
unreported failures may have gone unnoticed occurring along sparsely populated sections of 
the lower River Murray, or may have been unreported due to perceived negative 
repercussions for private landholders (limited access to riverfront property and decrease in 
property value).  
 
Shallow-planar failures are characterised by smoothed and subtle failure scars with minor 
bank retreat (<0.3 m), and trimmed or absent failure blocks at the toe of the bank. These were 
identified typically (but not exclusively) adjacent to deep-seated rotational failures. These 
failures are interpreted as older than the recent deep-rotational Millennium Drought failures, 
with evidence of failure scars and debris being smoothed and trimmed through prolonged 
exposure to successive geomorphologically effective flows (Wood et al., 2001, Hubble et al., 
2015). It is possible that shallow planar failures have previously been unnoticed due to 
shallow bank retreat and subsequent lack of disturbance to riverbank 
morphology/infrastructure, and masked by turbid river flows.  
 
From the high-resolution bathymetry at Mannum, Caloote and Murray Bridge distinct failure 
zones were identified. Failure zones were characterised by a cluster of both deep-seated and 
shallow-planar failures along the same channel margin. Figure 3.6 at Caloote and Figure 3.7 
at Murray Bridge best demonstrate areas and characteristics of these failure clusters. In 
addition, both deep-seated and shallow-planar were also observed as isolated single failures 
occurring on both inside and outside meander bends of the Murray channel. Analysis of these 
failure zones and isolated failures in the context of bathymetric surveys and geomorphic 
mapping identified a critical relationship. Failure zones (clusters) and single failures are 
strongly associated with structurally forced scour pools. Pools occur immediately 
downstream or adjacent to mid-channel bedrock outcrops and bank-attached bedrock 
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outcrops from valley margins. Bedrock outcrops presumably force shear zones and hydraulic 
scour (creating the pool), which leads to steep riverbank slopes and increased riverbank 
heights along challe margins. These findings suggest over-steepened channel margins are 
more susceptible to failure. This from-process relationship can be expressed as either: 
i. valley margin = bank-attached bedrock outcrop = structurally forced pool = hydraulic 
scour of toe of the downstream riverbank = failure zone or single failure, or  
ii. mid-channel bedrock outcrop = structurally forced pool = hydraulic scour of toe of 
the adjacent riverbank = failure zone or single failure.  
Table 3.2 illustrates the geomorphic association of failures identified in the reach-scale 
bathymetry at Caloote and Murray Bridge. Of the total deep-seated failures identified over 
67% were associated with scour pools associated with either bedrock valley margins (50%) 
or mid-channel bedrock outcrops (17%). Some failures didn’t conform to this rule, occurring 
upstream of scour pools (13%) or along planar/glides runs (20%). All deep-seated failures 
occurred were channel depths exceeded -10m AHD and to a maximum of -23m AHD. This 
relationship is also illustrated in Figure 3.9 through analysis of channel widths and depths 
between Mannum and Wellington (dataset g). The majority of failures (50%) plot where 
channel widths decrease and channel depths increase (channel constrictions) at known scour 
holes associated with bedrock valley margins in the Caloote and Murray Bridge bathymetry. 
Based on this relationship it may be possible to predict areas with the potential for failure at 
other channel constrictions in channel width depth analysis, importantly, in the absence of 
costly bathymetric surveys (Figure 3.9). Further investigation is required to strengthen this 
relationship and for confirmation. This relationship provides a useful first pass assessment to 
identify reaches along the River Murray at a greater risk of failure. Failures associated with 
scour from mid-channel outcrops (17%) within the Murray Bridge reach are less identifiable 
from width depth relationships, as are the failures associated with planar glides/runs (20%).  
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Table 3.2. Results of failures identified from reach-scale high-resolution (1m) bathymetry. 
Reach Easting  Northing Rkm Geomorphic association  
Caloote 342105.3691 6129152.383 143 valley margin bedrock scour  
 342145.3475 6129126.421 143 valley margin bedrock scour  
 342119.8024 6129142.146 143 valley margin bedrock scour  
 342858.9057 6128954.755 143 valley margin bedrock scour  
 342757.8799 6128964.942 143 valley margin bedrock scour  
 342667.8606 6128977.724 143 valley margin bedrock scour  
 348084.384 6126297.619 133 valley margin bedrock scour  
 348130.5523 6126250.798 133 valley margin bedrock scour  
 348195.2933 6126180.391 133 valley margin bedrock scour  
 348142.4443 6126240.314 133 valley margin bedrock scour  
 348263.8503 6126102.854 133 valley margin bedrock scour  
Murray 
Bridge 345972.723 6116203.23 118 
valley margin bedrock scour  
 343165.34 6114000.343 114 valley margin bedrock scour  
 343104.496 6113930.604 114 valley margin bedrock scour  
 343158.706 6112752.091 113 mid-channel outcrop scour 
 343703.721 6112236.098 112 mid-channel outcrop scour 
 344716.5613 6111289.441 111 upstream of outcrop scour 
 344871.509 6111183.905 111 upstream of outcrop scour 
 344886.291 6111174.125 110 upstream of outcrop scour 
 345470.273 6110767.352 110 mid-channel outcrop scour 
 345360.806 6110871.685 110 mid-channel outcrop scour 
 345454.451 6110780.288 110 mid-channel outcrop scour 
 345833.394 6110372.355 109 upstream of outcrop scour 
 346438.297 6106779.32 104 valley margin bedrock scour 
 346905.488 6104838.544 102 planar glide/run 
 347280.82 6104681.688 102 planar glide/run 
 347720.564 6104550.105 102 planar glide/run 
 347596.056 6104593.897 102 planar glide/run 
 347552.926 6104602.653 101 planar glide/run 
 349359.595 6104231.614 100 planar glide/run 
   
 
 
82 
 
 
 
 
 
 
 
 
 
Figure 3.9. Results of geomorphic mapping and failure identification in the context of width and depth analysis of the lower Murray channel 
between Mannum and Wellington. 
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3.5 Discussion 
 
Subsurface investigation of the lower River Murray valley-fills revealed that the 
Coonambidgal Formation is characterised by a fine-grained unit that predisposes channel 
margins to failure during low flows (Chapter 2 of this thesis). Analysis of reach scale 
bathymetric surveys in this study identified two types of failure; deep-seated rotational 
failures that occurred during the Millennium Drought and previously unidentified shallow-
planar failures. These two failure types were often co-located and occurred clustered in 
failure zones. Geomorphic mapping further revealed that the majority (67%) of failures were 
located in association with structurally forced pools from either bedrock valley margins 
(channel constrictions) or mid-channel outcrops. This relationship is illustrated in 
geomorphic maps Figures 3.6-3.9. Specific hydraulic processes are responsible for the 
formation and maintenance of structurally forced scour pools (Schmidt, 1990, Schmidt et al., 
1993, Sukhodolov, 2014, Thompson, 2006, Thompson, 2007, Thompson and Wohl, 2009). 
At channel constrictions water is ponded upstream creating a backwater effect that increases 
the local water surface slope and flow velocities around the constriction. The constriction 
also creates lateral flow convergence, which together with the increased water slope, results 
in flow acceleration and the formation of a high velocity jet that scours the bed. The jet and 
associated bed scour persist for some distance downstream of the constriction. Flow 
separation also occurs downstream of bedrock outcrops creating a vertical shear layer where 
turbulent vortices are generated and contribute to scour of the channel bed downstream and 
adjacent to the channel obstruction (bedrock outcrop) (Schmidt, 1990, Schmidt et al., 1993, 
Sukhodolov, 2014, Thompson, 2006, Thompson, 2007, Thompson and Wohl, 2009).  
 
The hydraulic scour of the structurally forced pools creates conditions where channel margins 
at these locations have steeper riverbank slopes and greater riverbank heights. The close 
association of riverbank collapse at these locations implies that over-steepened channel 
margins are more susceptible to failure during lowered river levels. Further investigation and 
bathymetric mapping is required to confirm this relationship and explore why some failures 
occur upstream of scour pools and associated with planar glides/runs. Initial slope stability 
modelling and sensitivity analysis undertaken during the Millennium Drought found that 
riverbanks modelled with steeper slopes/greater heights often produced lower Fs (Liang et al., 
2015a, Jaksa et al., 2015). From this it can be inferred that antecedent controls dictate the 
spatial distribution of riverbank collapse (channel adjustment) on the River Murray, 
increasing the susceptibility of channel margins to failure during low flows. It is likely that 
the local influence of bedrock and structurally forced scour jet contributes to the interesting 
observation at Swanport where the channel thalweg hugs and erodes the traditionally 
accreting inside meander bend Figure 3.8b. It is also possible that this phenomenon is a result 
of the geometry of the river bends, with experiments for large amplitude bends in alluvial 
rivers demonstrating specific hydraulic processes that lead to inner bank scour (Whiting and 
Dietrich, 1993). 
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The relationship between failures and structurally forced pools was also evident in analysis of 
Murray channel widths and depths (Figure 3.9). Scour pools from bedrock channel 
constrictions can be identified through a concurrent decrease in channel widths and increase 
in channel depths, and geomorphic mapping at Caloote and Murray Bridge revealed a 
concentration of failures at these locations. Based on this relationship it may be possible to 
predict areas with the potential for failure at other channel constrictions in channel width-
depth analysis, importantly, in the absence of costly bathymetric surveys (Figure 3.9). Further 
investigation is required to strengthen this relationship, however it provides a useful first pass 
assessment to identify reaches along the River Murray at a greater risk of failure. 
 
Mapping also revealed that the scour pools and identified failure zones typically occurred 
where channel margins were not confined by either antecedent (bedrock) or anthropogenic 
controls (levees) and as such have a greater capacity for lateral adjustment and geomorphic 
change under the present-day, albeit heavily regulated regime. A fall in river level of 1.8m 
over an approx. two-year period in theory mimics a rapid base level fall for a fluvial system 
(Figure 3.3), which not only increases critical riverbank height but also may instigate channel 
widening processes (riverbank collapse) associated with the geomorphic evolution of fluvial 
systems (Simon et al., 2000). This implies that margins which failed during the Millennium 
Drought are still at risk of failure during future low flows through lateral adjustment. Further, 
recent research has revealed that failure blocks, once trimmed from successive flows, may act 
to enhance further erosion at the toe of the bank by deflecting flow up and onto the bank, 
through increased flow shear stresses and rates of erosion (Hackney et al., 2015). As such, 
previously failed margins should be considered at a continued risk of failure.   
 
The form-process relationship established here provides a useful first-pass assessment to 
identify channel margins at an elevated risk of failure during future low flows. Channel 
margins downstream of bedrock valley margins or adjacent to bedrock outcrops should be 
recognised as potentially high-risk areas, improving management of this hazard through 
targeted monitoring, protective measures and rehabilitation efforts. Definitive identification 
of failure prone zones however requires further geomorphic, bathymetric and geotechnical 
investigation.  
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3.6 Future research 
 
The interaction between resisting and driving forces contributing to riverbank collapse during 
the Millennium Drought represent an interesting avenue for future investigation. The role of 
drought in contributing to slope failure has received little attention within scientific literature 
due to the unprecedented nature of failure under these circumstances (Vahedifard et al., 2015, 
Robinson and Vahedifard, 2016, Vahedifard et al., 2016). Drought-induced processes may 
act to destabilise riverbanks by decreasing shear strength and/or increasing shear stress, 
through processes such as desiccation or cracking, land subsidence and erosion, and soil 
organic carbon decomposition, avenues for further investigation. Recently, the Millennium 
Drought was used as an archetype of extreme and prolonged drought in California, United 
States, drawing attention to the role of drought on the structural integrity of California’s levee 
systems calling for preparedness(Aghakouchak et al., 2014, Vahedifard et al., 2015, 
Robinson and Vahedifard, 2016, Vahedifard et al., 2016).  Questions for future investigation 
that arose from this investigation also include: 
• Are the two failure types suggestive of different mechanisms responsible for failure? 
• What hydraulic processes and discharges are responsible for scour of the river 
channel (formation and maintenance) 10-20m below sea level in a reach with an 
extremely low slope (0.000026) and cohesive bank materials? 
• Does scour and erosion still occur under the heavily regulated regime? 
• Why don’t the scour pools fill in? 
• Why does the thalweg often follow the inside of meander bends, instead of the 
traditionally eroding outside?  
• How does this influence the process of meander? 
• Why are the long planar glides/runs between deep pools relatively featureless? Why 
don’t we see more evidence of bedforms? 
3.7 Conclusion 
 
Riverbank collapse during the Millennium Drought represented an unprecedented 
phenomenon and rapid geomorphic change for the River Murray in South Australia. 
Investigation into the Quaternary legacy of the river revealed the role of the Holocene 
depositional environment in predisposing channel margins to failure, and of antecedent 
controls in dictating the spatial distribution of failure. Geomorphic mapping and channel 
width/depth analysis revealed that the majority of high-risk failures occurred clustered in 
zones and in association with structurally forced scour pools from either bedrock valley 
margins or mid-channel outcrops. Riverbanks at these locations have steeper slopes and 
greater heights, reducing the Fs for these channel margins. From these findings it is possible 
to identify locations along the lower River Murray at a greater risk of failure during future 
low flows for improved management of the riverbank collapse hazard. Further, these findings 
highlight the importance of understanding a fluvial system’s geomorphic legacy when 
investigating geomorphic change and evolution within the contemporary regime.  
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Supplementary Information   
 
Includes: 
 
Supplementary Figures S1-3.  
 
 
 
Figure S1. Detailed close-up of geomorphic mapping results for the Mannum sub-reach. 
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Figure S2. Detailed close-up of geomorphic mapping results for the Caloote sub-reach. 
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Figure S3. Detailed close-up of geomorphic mapping results for the Murray Bridge sub-
reach. 
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4 CHAPTER 4 
 
New perspectives on the geomorphic evolution of the River 
Murray in South Australia: evolution of a central basin 
with implications for offshore sediment flux 
 
 
 
ABSTRACT 
 
The geomorphic evolution of environments at the marine-fluvial interface display complex 
responses to post-glacial sea level rise, reflecting regional variability in antecedent 
geomorphology, controls on sediment flux and coastal zone gradients. This interface 
represents a fundamental pathway in the source to sink sediment transfer from rivers to the 
ocean, yet uncertainty exists regarding the connectivity of the sediment cascade during sea 
level rise. Sediment flux from rivers to the ocean is often used to reconstruct global fluvial 
regimes, and, by proxy, past hydroclimates affecting landmasses globally, assuming 
uninterrupted delivery of the sediment cascade across the marine to fluvial interface. The 
existence of a regionally extensive fine-grained clay and silt rich unit at the terminus of the 
MDB questions the connectivity of the sediment cascade offshore during the Holocene.  
Evolution of the central basin environment is part of the global geomorphic response of rivers 
to post-glacial sea level rise and Melt Water Pulse (MWP) 1C, rapid sea level rise creating 
accommodation space faster than could be balanced by fluvial sediment infilling, 
significantly outpacing fluvial aggradation along the low-gradient Murray Coast. 
Stratigraphic evidence reveals that the central basin environment sequestered sediments from 
the MDB throughout the Holocene, at least from 7.6 ka to 3.3 ka, interrupting longitudinal 
linkages and the sediment cascade from source to sink to the Murray Canyon marine archive. 
The Murray’s Holocene central basin sequesters sediment flux from the MDB and eastern 
Australia, complimenting the declining fluvial signal in the offshore record during the 
Holocene. These findings imply that declining sediment flux in the offshore Murray Canyon 
cores is related more to the geomorphic evolution of the lower River Murray than to climatic 
aridity during the Holocene, cautioning the use of marine archives as uninterrupted sources of 
terrigenous sediment flux during sea level rise.  
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4.1 Introduction  
 
The response of fluvial systems to post-glacial sea level rise is highly variable and dependent 
upon the complex interaction of regional variables such as sea-level history, the coastal zone 
gradient, available accommodation space, antecedent geomorphology, controls on sediment 
flux, and the interplay between marine and fluvial processes. This response is often debated 
in the scientific literature, with some authors suggesting that geomorphic effects are localised 
near river mouths at the marine-fluvial interface and others arguing that the effects extend far 
upstream (Blum and Törnqvist, 2000, Parker et al., 2008). Environments at the marine-fluvial 
interface also represent a fundamental transition in the sediment cascade pathway, this 
interface a key link in the source to sink sediment transfer from rivers to the ocean. Sediment 
flux from rivers to the ocean is often used to reconstruct global fluvial regimes and, by proxy, 
past hydroclimates affecting landmasses globally. This assumes uninterrupted delivery across 
the marine to fluvial interface, and often overlooks the geomorphic response of rivers to post-
glacial sea level rise, with rivers rendered highly depositional at their mouths due to static 
water beyond the shoreline (Blum and Törnqvist, 2000, Fagherazzi et al., 2004, Törnqvist et 
al., 2006). Despite the importance of this transfer for global climate models, considerable 
uncertainty still exists regarding the connectivity of the sediment cascade, and geomorphic 
controls on erosion and deposition of sediment in response to post-glacial sea level rise 
(Lamb et al., 2012). Stratigraphic histories at the marine-fluvial interface provide a record of 
fluvial response, preserving sedimentary facies diagnostic of different depositional 
environments and the response of the marine-fluvial environments to these regional variables.  
 
The Murray-Darling Basin (MDB) covers 14% of Australia’s landmass and drains 
climatically and geologically distinct regions of eastern Australia. Australia’s hydroclimatic 
variability is not well understood, and currently few records exist capable of inferring 
palaeoclimate from the MDB (Kiem and Verdon-Kidd, 2011). Current palaeoclimate 
reconstructions for the Basin, and more broadly eastern Australia, draw heavily upon 
sediment flux to the distal marine sediment Murray Canyon cores (MD03-2607 and MD03-
2611) located on the continental Lacepede Shelf in South Australia (Gingele and De 
Deckker, 2004, Gingele et al., 2004, Gingele et al., 2007, Bayon et al., 2017). Sediment flux 
is interpreted as a proxy for Basin discharge and, by implication, eastern Australia’s 
hydroclimatic variability. This use of the Murray Canyon sediment archive, and similar 
offshore marine archives globally, assumes geomorphic stability and uninterrupted 
connectivity across the fluvial-marine interface, particularly during the Holocene.  
 
Recent investigation of the late Quaternary valley-fills at the terminus of the MDB in South 
Australia revealed that the Coonambidgal Formation is characterised by fine-grained clays 
and silts, and hypothesised deposition within a Holocene central basin environment (Chapter 
2 in this thesis). The existence of the unit, which extends far upstream between Blanchetown 
and Wellington (approx. 200km reach) is evidence for significant deposition of terrigenous 
sediment flux from the Basin, and an interruption in delivery offshore to the Murray Canyon 
records in response to Holocene sea level rise.  
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The objective of this chapter is to investigate the geomorphic evolution of the lower River 
Murray in response to post-glacial sea level rise, the Murray central basin hypothesis, and 
assess controls on offshore sediment flux to the continental shelf during the Holocene. 
Specifically, in this chapter I consider the following questions:  
• What is the age of deposition of the fine-grained Coonambidgal Formation?  
• How did post-glacial sea level rise contribute to the genesis and evolution of the 
lower Murray’s central basin environment?  
• Is there evidence for the Murray central basin hypothesis preserved elsewhere in 
South Australia? 
• How does the Murray central basin hypothesis sit within the context of existing 
regional literature?  
• What are the implications for connectivity of the sediment cascade and transfer from 
source to sink (river to ocean) of the Murray central basin hypothesis? 
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4.2 Regional setting – from source to sink  
4.2.1 The Murray-Darling Basin  
 
The Murray-Darling Basin covers 14 percent of eastern Australia and is considered the 
heartland of Australia’s richest agricultural region. Formed following uplift of the Great 
Dividing Range along the east coast, and elevation of the central Australian plateau, the 
Basin comprises a sprawling fluvial network that can be subdivided into the northern Darling 
River and southern Murray River sub-basins (Figure 4.1a). Originating in sub-tropical north-
eastern Australia (NEA), the Darling River sub-basin flows north-south through inland 
Queensland before intersecting the Murray River sub-basin at the confluence at Wentworth. 
The Murray River sub-basin originates in temperate south-eastern Australia (SEA) and flows 
east-west through New South Wales and Victoria, diverting south at Morgan in South 
Australia before debouching into the Southern Ocean through the Lower Lakes and Murray 
Mouth near Goolwa. Covering 1/7th of Australia’s landmass, the Basin drains climatically 
and geologically distinct regions of eastern Australia. As such, flow regimes are highly 
variable across the Basin, as are flow efficiencies, and sediments weathered from source 
catchments have distinct geochemical and mineralogical signatures, discussed herein.  
 
Precipitation in the Basin is driven by distinct synoptic-scale Southern Hemisphere climate 
systems. NEA receives episodic summer precipitation strongly influenced by the Australian 
Summer Monsoon (ASM), the Indian Ocean Dipole (IOD), the El Niño Southern Oscillation 
(ENSO) and the Inter-decadal Pacific Oscillation (IPO). Tropical cyclones and monsoon 
depressions associated with the passage of these climate systems are considered major rain-
bearers to NEA (Risbey et al., 2009, Gouramanis et al., 2013, King et al., 2014). Conversely, 
SEA receives winter precipitation influenced by the Westerly Winds (WW) and the Southern 
Annular Mode (SAM), with east coast lows being the major rainfall bearers (Hopkins and 
Holland, 1997, Risbey et al., 2009, Gouramanis et al., 2013, King et al., 2014). Basin 
discharge and flow regimes mirror this regional pattern of seasonality; the Darling River is a 
sub-basin that is characterised by unpredictable, intermittent and variable summer flows, with 
considerable zero-flow days and infrequent large floods. In comparison, the Murray River 
sub-basin is broadly characterised by perennial and stable winter/spring baseflows, fed by 
snowmelt from the southern highlands, with low flow variability and high-magnitude/long-
duration floods (Kennard et al., 2010). This variability in flow regimes is further reflected in 
flow efficiencies to the Basin outlet, heavily influenced by hydrologic losses such as 
infiltration of river flow to groundwater, and evapotranspiration from channels, floodplains 
and wetlands. Flow efficiencies for the Darling River sub-basin to the Murray Mouth are 
28%, with higher flow efficiencies for the Murray River sub-basin at 68%, when modelled 
under natural conditions (without development) and historical climate (CSIRO, 2008). This 
finding is mirrored when modelling event-scale hydrologic connectivity, flood pulse volumes 
delivered to terminus of the system lower for the Darling River sub-basin than the southern 
Murray River sub-basin (Rustomji and Podger, 2012).  
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Covering geologically distinct regions of eastern Australia, the Darling and Murray River 
sub-basins are also characterised by distinct suspended sediment signatures. The Darling 
River sub-basin originates in the New England Foldbelt, draining predominantly mafic/ultra 
mafic Mesozoic and Cenozoic lithologies of NEA, while the Murray River sub-basin 
originates in the Lachlan Fold Belt and drains Palaeozoic regions and the predominantly 
felsic lithologies of SEA (Kingham, 1998, Gingele and De Deckker, 2005, de Caritat and 
Grunsky, 2013, Marx and Kamber, 2010). As such suspended sediment signatures for rivers 
and tributaries draining the Darling sub-basin are enriched in smectites, and conversely those 
draining the Murray sub-basin are enriched in higher proportions of illites (Gingele and De 
Deckker, 2004, Gingele and De Deckker, 2005). Low denudation rates and sediment yields 
means the MDB is characterised by net sediment redistribution within, rather than export 
from, the Basin. The combined effects of topography, rainfall intensity and rainfall duration 
make the system inefficient in transporting sediment to the Basin outlet. Empirical studies 
reveal that, under natural conditions (pre-European settlement), less than 1% of the total 
sediment input to the system is received at Murray Mouth in South Australia (De Rose et al., 
2003, Lu et al., 2006). Sediment delivery through the system has been closely linked to 
temporal hydrological controls; extreme hydrological events responsible for generating high 
sediment yields and delivery through the MDB network during peak discharges (Scott, 2001, 
Lu et al., 2006), a relationship established elsewhere in modern fluvial systems (Aalto et al., 
2003, Darby et al., 2016).  
 
4.2.2 The River Murray – South Australia  
 
The lower River Murray between Blanchetown (Lock 1) and Wellington in South Australia, 
an approximately 209 river km reach, is a low sinuosity, suspended load channel with low 
stream power, cohesive bank materials and an exceptionally low-gradient (0.000026) (Thoms 
and Walker, 1993, Walker and Thoms, 1993) (Figure 4.1). The River Murray has been 
considered remarkably stable since European colonisation compared to rivers globally 
(Rutherfurd, 1991, Thoms and Walker, 1993), channel adjustment limited by a combination 
of inherited structural constrains, cohesive bank materials and a heavily regulated 
contemporary regime (Rutherfurd, 1991). The lower Murray can be separated into two 
distinct geomorphic regions: the Gorge between Blanchetown and Mannum and the 
Floodplains between Mannum and Wellington (Walker and Thoms, 1993). Above 
Blanchetown, the Murray River enters the steep-sided limestone Gorge (0.5 to 1.5 km wide 
and 30-40m high) where the river’s course is structurally controlled, extending as far as 
Mannum (Twidale et al., 1978). The Gorge reach is characterised by a confined main channel 
with inter-distributary billabongs, the modern floodplain preserving generations of meander 
belt sediments composed of scroll bars and oxbow lakes (Thoms and Walker, 1993). The 
Gorge includes long straight sections of channel and more angular sections where the river 
abuts the limestone cliffs. The Murray emerges from the Gorge below Mannum into the 
Floodplains reach, a mixed bedrock-alluvial reach characterised by low-lying floodplains and 
isolated limestone and granite bluffs. The majority of floodplains and billabongs in this reach 
have been drained and reclaimed for agricultural purposes, levees constructed and stabilised 
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with exotic willows (Thomson, 1975). The present-day channel has incised on average 160m 
wide and 10m deep into the valley-fill sediments, and deep scour holes are associated with 
bedrock margins (Hubble et al., 2015). The lower Murray River enters the Lower Lakes and 
the coastal region near Wellington through a digitate delta.  
4.2.3 The Murray Coast  
 
At the fluvial-marine interface Lower Lakes Alexandrina and Albert, and Coorong Lagoon, 
represent a broad and shallow micro-tidal wave-dominated estuary, bounded to the west by 
the Mount Lofty Ranges and to the east by the southeastern Coastal Plain. The Lower Lakes 
are separated from the back-barrier Coorong Lagoon by the last interglacial shoreline which 
acted as a sill limiting marine exchange during the Holocene (Fluin et al., 2007). The Murray 
Mouth migrates along the coastal barriers of Sir Richard and Younghusband Peninsulas, the 
barriers ranging between approximately 1-2 km wide and 25-40 m high in their modern 
extent (Bourman et al., 2000). The Lower Lakes were transformed permanently into 
freshwater bodies from a brackish environment after the introduction of barrages in 1940 for 
agricultural purposes. Following the introduction of barrages, the now impounded Lower 
Lakes are normally held at a level +0.75 meters higher than under natural conditions and, 
owing to the extremely low slope region created a ponded effect and river level rise of +0.6 
meters that propagated approximately 200 river km upstream, inundating low-lying 
floodplains (Twidale et al., 1978).  
 
Prior to barrage construction, the wave-dominated estuary was classified as an Intermittently 
Closed/Open Lake Lagoon (ICOLL), with estuarine conditions a function of the balance 
between fluvial discharge and marine processes, in turn driven by hydrologic variability 
associated with flood and drought dominated regimes across eastern Australia (Rustomji, 
2007, McSweeney et al., 2017). Closed entrance conditions occur during reduced fluvial 
discharge associated with drought dominated regimes when marine processes dominate and 
coastal barrier aggradation completely seals the estuary from the ocean, observed most 
notably during the Federation Drought of 1902 and again during the drought of 1913-14 
(Bourman et al., 2000). Modern littoral drift along the Murray Coast has been observed in the 
order of 1,000,000 m3/y (Harvey, 2006), with significant influxes of marine sands occurring 
through the mouth during open entrance conditions, contributing to the development of the 
flood-tide deltas. Relatively low rates of vertical aggradation in the terminal coastal lagoons 
(relative to the size of the drainage basin) and the absence of a developed Holocene delta has 
been considered anomalous given the size of the MDB drainage system and enhanced 
discharge (compared to present). It is hypothesised that sediments reaching the terminus have 
likely been incorporated into aeolian deposits during sea level highstands, or transported 
offshore beyond the edge of the Lacepede continental shelf during glacial maxima (Murray-
Wallace et al., 2010).  
 
During times of reduced sea level, the River Murray palaeochannel extended across the broad 
and shallow Lacepede Shelf, culminating at the Murray Canyons and the sites of offshore 
marine cores MD03-2607 and MD03-2611(Hill et al., 2009) (Figure 4.1b). Marine core 
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MD03-2607 is located on a gentle slope in a water depth of 865 m, while core MD03-2611 is 
located on a small plateau between two arms of the canyon at a depth of 2420 m(Gingele et 
al., 2004). Terrigenous sediment flux to the Murray Canyon cores has been linked to fluvial 
discharge from the MDB and used to infer broad climatic trends over the southeastern 
Australian continent during the late Quaternary (Gingele et al., 2004, Gingele et al., 2007). 
Current palaeoclimate reconstructions draw heavily upon the Murray Canyon cores to 
reconstruct Basin palaeodischarge and eastern Australia’s hydroclimatic variability, assuming 
uninterrupted connectivity across the marine-fluvial interface.  
 
 
 
Figure 4.1.From source to sink. a) The Murray-Darling Basin covering eastern Australia. b) 
Digital Elevation Model (DEM) of the lower Murray River in South Australia, depicting the 
Last Glacial Maximum (LGM) palaeochannel extending across the Lacaepede Shelf, and 
location of Murray Canyon cores (MD03-2611 and MD03-2607).  c) The lower River Murray 
in South Australia and the location of sediment cores at Mannum (Sc-EFR2) and Riverglen 
(Sc-RG2).  
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4.3 Quaternary geology   
 
River Murray drainage patterns across southeastern Australia reflect the combined influences 
of tectonism and climatic perturbations, with the present southerly course through South 
Australia and across the exposed Lacepede shelf an inherited feature predating the 
Quaternary (Twidale et al., 1978, Stephenson and Brown, 1989). Throughout the Cenozoic 
Period, uplift of the Mount Lofty Ranges along the Morgan Fault forced the east-west 
flowing River Murray to carve a southerly course through South Australia. Continued uplift 
and retreat of the sea from the Murray Basin, through glacio-eustatic sea level fall during the 
late Pliocene, resulted in the shallow incision of the lower Murray River through Oligo-
Miocence Limestones of the Pinnaroo Block. Continued tectonic uplift of the Pinnaroo Block 
dammed the drainage system upstream of Mannum, forming the inland Lake Bungunnia, 
during which time the palaeodrainage of the MDB was isolated from glacio-eustatic base 
level fluctuations for much of the late Pliocene and early Pleistocene. The demise of Lake 
Bungunnia from 0.7 Ma in the middle Pleistocene re-established drainage through South 
Australia, incision of the river following structural weaknesses from fracture lineaments and 
carving the Murray Gorge’s present-day course through early Oligocene to middle Miocene 
limestones of the Murray Group (Twidale et al., 1978). Late Pleistocene eustasy entrenched 
the lower Murray River within the 0.5 to 1.5km wide limestone gorge, a series of glacio-
eustatic sea level regressions resulting in incision to basal valley depths of approximately -
10m AHD at Swan Reach, approximately -65m AHD at Swanport (Figure 4.2), and 
headward recession of the gorge towards the South Australian-Victorian border (Firman, 
1973). Renewed incision initiated during sea level minima of the Last Glacial Maximum 
(LGM) is hypothesised to have stripped the gorge of all earlier Pleistocene valley-fills and 
exhumed older granitic landforms (Twidale et al., 1978). Post glacial sea level rise initiated 
aggradation of the present lower and upper valley-fill sequences - the Monoman and 
Coonambidgal Formations respectively. 
 
The nature of stratigraphic units and the geomorphic evolution of the River Murray across the 
Mallee and Riverine Plains in New South Wales and Victoria is well established  (Nanson et 
al., 1992, Page and Nanson, 1996, Nanson et al., 2003, Nanson et al., 2008, Page et al., 
2009). In contrast, the geomorphic history and stratigraphic relationships of the Pleistocene-
Holocene valley-fill in South Australia is less well understood (Thomson, 1975, Twidale et 
al., 1978, Brown and Stephenson, 1991). The Monoman Formation is characterised by high-
energy alluvium (coarse-grained sands and gravels) described in the literature as deposition 
from braided streams (Pels, 1964, Twidale et al., 1978, Brown and Stephenson, 1991). The 
top of the Monoman Formation is marked by a conformity and buried forest and palaeosols, 
marking the transition from braided to meandering deposition that characterises the present-
day channel. Age evidence for the Monoman Formation derived from fossil wood at the 
proposed Chowilla dam site, located at the New South Wales, Victorian and South Australian 
border, indicate late Pleistocene deposition accompanying post-glacial rise in base level from 
17,000 to 6,000 yrs BP (Firman, 1973, Twidale et al., 1978, Brown and Stephenson, 1991). 
The Coonambidgal Formation is broadly characterised as alluvial bedload and floodplain 
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deposits from meandering Holocene palaeochannels (Pels, 1964, Twidale et al., 1978, Brown 
and Stephenson, 1991). In South Australia the Coonambidgal Formation is described as fine-
grained silts and clays (Firman, 1973, Brown and Stephenson, 1991). Radiocarbon age 
estimates determined from ancestral channels across the Mallee and Riverine Plains range 
from 30,000 to 4,200 yrs BP (Pels, 1964, Twidale et al., 1978, Brown and Stephenson, 1991). 
At the proposed Chowilla dam site radiometric dating returned an age of 4080 ± 100 yrs BP 
from fossil wood near the base of the Formation (Firman, 1967). As such it can be assumed 
the Coonambidgal Formation is late Pleistocene to Holocene in age. In South Australia, 
where the Coonambidgal Formation has been described as fine-grained silts and clays 
(Firman, 1973, Brown and Stephenson, 1991), the present-day channel has incised within the 
Formation to depths between 10 and 20m below the surface. Geological cross-sections from 
the River Murray gorge at Swan Reach indicate that sediments of the upper valley-fill and 
Coonambidgal Formation are at least 15 to 25m thick, and the underlying lower valley-fill 
sediments of the Monoman Formation a further 20-25m thick. Downstream across the 
floodplain reach at Swanport both valley-fills increase in thickness (Ludbrook, 1958, Gibson, 
1959, Steel, 1967, Lindsay, 1967, Firman, 1973) (Figure 4.2).  
 
Recent subsurface investigation of the upper-valley fill (Coonambidgal Unit) was undertaken 
between Blanchetown and Wellington through analysis of engineering boreholes, cone 
penetrometers tests (CPTu) and sediment cores. A detailed description of the unit is provided 
in Chapter 2 of this thesis and summarised herein. The upper valley-fill is characterised by a 
fine-grained clay and silt rich unit which increases progressively in thickness from 10 to >40 
metres thick between Blanchetown and Wellington, displaying a downstream fining trend 
with an increasing clay component. Between Mannum to Wellington (approx. 80 km reach) 
the unit is characterised by a laminated sequence between depths of -3 and of -15m AHD. 
The laminated sequence is characterised by olive-black to grayish-olive silts interbedded with 
hundreds of light-gray clay laminae, intermittently interrupted by fine-grained sand layers 
overlying hiatuses. An absence of bioturbation, oxidation or pedogenesis, was 
observed/recorded throughout the valley-fill regionally (spatially) or stratigraphically 
(temporally), and the preservation of fine bedding structures reflects a deep water setting and 
low energy depositional environment with anoxic conditions, low sediment remobilisation 
and long residence times. As per conceptual models for incised valley systems (Dalrymple et 
al., 1992, Zaitlin et al., 1994, Nichol et al., 1994, Roy et al., 2001) it was hypothesised that 
the fine-grained unit was deposited in a central basin environment evolving under highstand 
conditions during the Holocene (Chapter 2 of this thesis). An idealised model for the lower 
River Murray based on this subsurface investigation and conceptual models is presented in 
Figure 2.12.  
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Figure 4.2. Geologic cross-sections across the River Murray valley at the gorge at Swan 
Reach (A-A’) and the floodplains at Swanport (B-B’) based on existing literature (Twidale et 
al., 1978, Brown and Stephenson, 1991).   
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Figure 4.3. Idealised model for the lower River Murray depicting the Murray central basin hypothesis introduced in Chapter 2 of this thesis. The 
central basin environment exists over at least 200 river kms upstream to Blanchetown confined within the narrow 0.5m to 1km wide gorge. 
Results of subsurface investigation depicting the extent of the central basin deposit, the Coonambidgal Formation, and geological cross-section 
at Swan Reach (A-A’) and Swanport (B-B’) are also depicted (see Figure 4.2).  
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4.4 Methods 
4.4.1 Chronology 
 
Two sediment cores located at Mannum (Sc-EFR2) and Riverglen (Sc-RG2) (approximately 
60 km apart) were selected to constrain the timing of deposition within the central basin 
environment. Sediment cores were acquired between Mannum and Wellington during 
previous subsurface investigation, the details of which are provided elsewhere (Chapter 2 of 
this thesis). Cores were acquired from the submerged slope of riverbank margins within the 
Holocene Coonambidgal Unit (upper valley-fill). Radiocarbon dating was undertaken using 
conventional and Accelerator Mass Spectrometry (AMS) techniques at 14CHRONO Centre, 
Queen's University, Belfast UK (Lab ID: UBA) and The Australian Nuclear Science and 
Technology Organization (ANSTO) (Lab ID: OZT). Individual uncharred wood samples, and 
mixed samples of organic and charcoal macrofossils were selected for radiocarbon analysis 
where they were abundant downcore. Conventional 14C yrs BP were converted into calibrated 
years BP with Clam Version 2.2 (Blaauw, 2010) using the Southern Hemisphere atmospheric 
calibration data set (Hogg et al., 2013) and reported here with 2σ errors.   
 
4.5 Results 
4.5.1 Sedimentology and stratigraphy  
 
Three main sedimentary units were identified in sediment cores from previous investigation 
(Chapter 2 of this thesis). For the purposes of this investigation the characteristics of these 
units are summarised herein. In order of succession from oldest to youngest they are: i) 
Fluvial clays and silts, laminated (FLcs-L); ii) fluvial fine-grained, massive (FLfg-M); and 
iii) Fluvial sand, massive (FLs-M).   
4.5.1.1 Fluvial clays and silts, laminated (FLcs-L) 
 
A laminated clay and silt unit was identified in sediment cores between Mannum and 
Wellington at depths between -3 and -15m AHD, characterised by olive-black to grayish-
olive clayey silts interbedded with hundreds of ~cm thick light-gray clay rich laminae. 
Occasional grayish-olive fine-grained sand layers interrupt the laminated sequence containing 
traces of organics, and are often associated with underlying unconformities. These layers 
became the focus of dating efforts as the laminated sequence contained a lack of material 
suitable for dating. An absence of bioturbation, oxidation or pedogenesis was observed 
within the unit, suggesting anoxic conditions and a deep-water setting. Minor variations in 
the preservation of laminations was observed between sites. This unit was interpreted to 
represent continuous sedimentation within a central basin depositional environment with low 
sediment remobilisation and with long residence times. Occasional sand layers which 
intermittently interrupt the sequence and represent high energy events capable of eroding 
clays and silts and represent hiatuses within the laminated sequence. Characterising the 
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sedimentary signature of the laminated sequence through analysis of physical, mineralogical 
and geochemical properties became the focus of a future investigation (Chapter 5 of this 
thesis).  
4.5.1.2 Fluvial fine-grained, massive (FLfg-M) 
 
Overlying the laminated clays and silts a massively bedded fine-grained unit was observed in 
several sediment cores between Mannum and Wellington. The unit is 0.5-1m thick. The 
massively bedded sequence is characterised by gray uniform clay and silt rich sediments with 
traces of organics (<5%). This unit is distinguishable from the underlying fine-grained unit 
through its massive sedimentary structures and increase in organic content. The laminated 
and massive fine-grained units are occasionally separated by abrupt erosional boundaries. 
This unit was interpreted to reflect a temporal transition in fluvial character and depositional 
regime. 
4.5.1.3 Fluvial sand, massive (FLs-M) 
 
A surficial sand unit was encountered in sediment cores acquired higher up on the slope of 
riverbanks as a thin unit less than 1m thick. The unit is characterised by olive-gray well 
sorted sand with a minor clay and silt component with low-high organic content. This 
surficial massively bedded sand unit is distinguishable from the underlying massively bedded 
fine-grained unit through the increase in grainsize.  
 
4.5.2 Chronostratigraphy  
4.5.2.1 Sc-EFR2, Mannum 
 
Sc-EFR2 is 3.9 m long and sits between -6.5 m and -10.4 m AHD, reflecting three main units 
of sedimentation (Figure 4.4, Table 1). The basal section (-8.4m to -10.4m AHD) is 
characterised by laminated fluvial clays and silts (FLcs-L) and records sedimentation during 
the mid-Holocene from ca. 6.1 to 5.5 ka. Numerous hiatuses exist within this period as 
evidenced by sandy layers overlying erosional unconformities. Age reversals present are 
attributed to the variable residence time of the charcoal component within the mixed organic 
charcoal samples. Ages which are derived from unburnt wood are regarded with a higher 
degree of accuracy and are displayed with an asterix in Figure 4.4. Overlying the laminated 
unit sits a massively bedded fine-grained unit (FLfg-M) recording a brief period of late-
Holocene sedimentation from ca. 3.4 to 3.3 ka (-7.6m to -8.4m AHD). The top of Sc-EFR2 is 
characterised by massively bedded fluvial sands (FLs-M) recording modern sedimentation 
and a change in the depositional regime around 200 cal years BP (-6.7m to -7.6m AHD). It is 
possible that this reflects sedimentation corresponding to European settlement, potentially 
reflecting accelerated erosion and an increase in sediment yield and delivery from European 
activities. It is also possible that surficial sand unit reflects artificial sands associated with 
constructed beaches along riverfront foreshore property. The top of the core is marked by 
core disturbance from -6.5 to -6.7m AHD.  
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4.5.2.2 Sc-RG2, Riverglen 
 
Sc-RG2 is 1.7m long and sits between -6m and -7.7m AHD, reflecting one main unit of 
sedimentation (Figure 4.4, Table 1). Sc-RG2 is characterised by laminated fluvial clays and 
silts (FLcs-L) throughout the sequence and records two phases of sedimentation from the 
mid-Holocene from ca. 7.6 to 7 ka (-6.1m to -7.7m AHD) to the late Holocene ca. 3.5 ka (-
6m to -6.1m AHD). Continuous sedimentation is inferred during the mid-Holocene from an 
absence of hiatus, and despite age reversals broadly suggests a sedimentation rate of >1.5 
metres for a thousand-year period, potentially reflecting the relatively low sediment yield of 
the Basin (Lu et al., 2006), with less than 1% of the total sediment input to the system is 
received at the terminus of the MDB under ‘natural’ pre-European settlement conditions (De 
Rose et al., 2003).  
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Figure 4.4. Chronostratigraphy of sediment cores located at Mannum (Sc-EFR2) and 
Riverglen (Sc-RG2). Ages with an aterix are treated with a higher degree of confidence as 
they are based on radiocarbon dating of uncharred wood samples.  
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Table 4.1.Radiocarbon analysis from wood and bulk organics and charcoal macrofossils 
from sediment cores at Mannum (Sc-EFR2) and Riverglen (Sc-RG2) (reported with 2σ 
errors).  
Sediment 
core Lab ID 
Sample 
depth 
(cm) 
Material 
dated 
14C date 
(yr B.P.) 
Calibrated age (2 
σ) (yr B.P.) 
Sc-EFR2, 
Mannum 
UBA-32732 50.5 Organics & charcoal 176±31 201-280 
UBA-25982 79 Wood 245±26 150-218 
UBA-32737 103.9 Organics & charcoal 215±28 140-229 
UBA-25983 142.9 Wood 690±32 559-619 
UBA-32736 160.9 Organics & charcoal 3126±29 3209-3378 
UBA-25113 181.4 Wood 3195±33 3323-3453 
UBA-25984 203.9 Organics & charcoal 4786±28 5448-5585 
UBA-32731 227.4 Organics & charcoal 5437±45 6170-6292 
UBA-25985 269.9 Organics & charcoal 5015±30 5605-5752 
UBA-25986 305.7 Organics & charcoal 5268±30 5911-6024 
UBA-32734 326.7 Organics & charcoal 6160±35 6897-7034 
UBA-25114 379.7 Wood 5378±35 5996-6213 
Sc-RG2, 
Riverglen 
UBA-25980 4 Organics & charcoal 3373±27 3467-3640 
UBA-32733 44.5 Organics & charcoal 6216±53 6939-7184 
UBA-32735 61.5 Organics & charcoal 6020±59 6667-6958 
OTZ-021 75 Organics & charcoal 5425±30 6172-6283 
UBA-32739 88.9 Organics & charcoal 5838±35 6490-6678 
OTZ-022 121.4 Organics & charcoal 5895±30 6558-6749 
UBA-25112 149.4 Organics & charcoal 5843±38 6492-6679 
UBA-32738 160.4 Organics & charcoal 6755±35 7551-7659 
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4.6 Discussion 
 
Subsurface investigation undertaken in Chapter 2 of this thesis revealed that the lower 
Murray’s Coonambidgal Formation was characterised by fine-grained clays and silts, with 
sedimentary characteristics diagnostic of sedimentation in a deep-water low-energy setting. 
Based on conceptual models for the stratigraphic organisation of incised valley systems in 
response to post-glacial sea level rise (Zaitlin et al., 1994), the unit was interpreted to 
represent sedimentation within a central basin environment as illustrated in Figure 2.12. The 
Murray central basin extended to Blanchetown at least, over 200km from the Murray coast 
and constrained within the narrow (0.5-1km) wide Murray valley. The response of coastal 
valleys to post-glacial inundation is well documented in southeast Australian estuaries, 
recording palaeovalley inundation during the early Holocene, maximum landward flooding 
coinciding with the mid-Holocene highstand and, as sea level stabilised, coastal barrier 
evolution and maturation of the estuary through variable sediment infilling (Nichol et al., 
1994, Roy, 1994, Roy et al., 2001, Sloss et al., 2010). Radiocarbon dating of sediment cores 
in this study located approx. 80km apart reveals that the central basin existed during the mid 
to late Holocene from approximately 7.6 ka to 3.3 ka, sequestering fine-grained sediment 
derived from geologically and climatically distinct regions of the MDB.   Continuation of the 
central basin deposit with depth suggests that the unit extends into the mid to early Holocene 
and the depositional environment existed prior to 7.6 ka. This chronology reflects 
sedimentation within a drowned river valley; early inundation and maximum landward 
flooding of the river valleys during the early to mid-Holocene.  
 
Referring to nomenclature of fluvial systems, the central basin can be defined as an extensive 
backwater zone confined within the narrow Murray palaeovalley. Low-gradient coastal rivers 
are typically affected by backwater, a zone of spatially decelerating flow that under low flow 
conditions renders rivers highly depositional near their mouths, driven by static water at the 
marine-fluvial interface (Lamb et al., 2012). Backwater zones are typically expansive for 
large low-gradient rivers; the backwater zone for the Mississippi River in the United States, 
for example, extends approximately 500 km upstream of the marine-fluvial interface 
(Nittrouer et al., 2011, Lamb et al., 2012). This zone in turn acts as a filter on sediment flux 
from source (the MDB) to sink (Murray Canyons), disrupting the longitudinal linkage of the 
sediment cascade. Connectivity of this sediment cascade can be explored using 
hydrogeomorphic processes and principles established for sediment transfer offshore for 
backwater zones (Lamb et al., 2012) (Figure 4.5). Backwater zones filter the delivery of 
terrigenous sediment flux offshore; whereby delivery is muted during low discharge events 
and enhanced during high discharge events. Under low flow conditions, the water depth at 
the marine-fluvial interface, representing a static waterbody (hs), is greater than the normal 
flow depth (hn) and the water surface and bed diverge downstream. This results in flow 
deceleration and deposition of sediments within the backwater (central basin) zone (Figure 
4.5). Sequestration of MDB sediments occurs under these conditions and terrigenous 
sediment flux is suppressed and the system is switched off (inactive) from the sediment 
cascade.  
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During high flows, the upstream boundary of the backwater is pushed towards the fluvial-
marine interface, altering the spatial convergence of sediment flux that controls erosion and 
deposition patterns. Normal flow depths become larger than the water depth at the shoreline 
(hn>hs), resulting in drawdown of the water surface, spatial acceleration of flow and erosion 
of the bed material (Figure 4.5) (Lamb et al., 2012). Evidence for this is captured in the 
sedimentary record described here; fine-grained sand layers overlying erosional hiatuses are 
indicative of high-energy events, and abrupt increases in flow velocities able to erode the 
cohesive, fine-grained bed material and entrain and transport coarser clasts from presumably 
from upstream in the system.  
 
Under these principles it is possible to infer that connectivity between the fluvial-marine 
interface occurs/is re-established during peak fluvial discharges from extreme hydrological 
events. An example of an extreme hydrological event is recorded in an archaeological site 
upstream of Mannum as a ‘mega-flood’ dating to ca. 3,000 yrs BP (Snowball et al., 2006). 
This event was hypothesised to have a discharge greater than the Basin-wide floods of 1956 
and 1974, whereby both Darling and Murray River sub-basin’s flood peaks co-aligned. It is 
possible that Basin-wide ‘mega-floods’ episodically reinstate connectivity of the sediment 
cascade and delivery of sediment flux offshore, reflecting a period of time when effective 
catchment area is at its maximum, connectivity of the sediment cascade in the Basin is at its 
strongest, and most of the sediment cascade is activated (Fryirs, 2013). It follows that 
sediment delivery offshore depends on the frequency of threshold breaches and geomorphic 
effectiveness of flows that are able to remove barriers/blockages and reinstate longitudinal 
linkage (Fryirs, 2013). This has important implications for the long-term Holocene sediment 
transfer to the Murray Canyon cores.  
 
This Murray central basin hypothesis, the geomorphic evolution of the River Murray in 
response to postglacial sea level rise, and its implications for connectivity of the sediment 
cascade offshore during the Holocene are discussed herein and explored in the context of 
existing literature. 
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Figure 4.5. Schematic showing the effects of high flow and low flow within a backwater zone 
at the marine-fluvial interface of a river in long section (Lamb et al., 2012). At low flow the 
water depth at the shoreline (hs) is greater than the normal flow depth (hn), and the water 
surface (blue) and river bed (black) diverge downstream resulting in deceleration (shown by 
length of arrows) and sediment deposition. At high flow (hn > hs) and the water surface (red) 
is convex, resulting in spatial acceleration of flow and erosion.  
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4.6.1 Geomorphic evolution of the River Murray – new perspectives  
4.6.1.1 Early Holocene to Mid Holocene (ca. 12-6.4 ka) – marine transgression  
 
At the height of the LGM (ca. 20 ka) sea level stood at -120m below present and the Murray 
River palaeochannel extended across the broad and shallow Lacepede shelf before emptying 
into the sea above the Murray Canyons (Figure 4.6). Seismic profiles across the Lacepede 
Shelf reveal an approximately 0.5-1 km wide and 10-20m deep palaeovalley, closely 
resembling the valley cross-sections located upstream at Swan Reach and Swanport depicted 
in Figure 4.2 (Hill et al., 2009). These cross-sections reflect the complete infilling of the 
Lacepede Shelf palaeovalley through aggradation of valley-fill deposits, capped by a shallow 
transgressive marine sequence (Hill et al., 2009). During the LGM (marine lowstand) coarse-
grained sands and gravels of the Monoman Formation were deposited within the Murray 
valley as the lower valley-fill, depicted conceptually in Figure 4.6 within geological cross-
sections.  
 
Post-glacial sea level rose rapidly along the South Australian coast at approximately 
16mm/year from 10,000 to 6,400 years BP, with present-day levels reached between 8,000 
and 7,500 cal. yr BP (Belperio et al., 2002, Lewis et al., 2013). During this time 
environments at the marine-fluvial interface (marine barrier and flood-tide delta, mixed 
central mud basin, and fluvial bay-head delta and alluvial plain) prograded landward across 
the Lacepede Shelf confined within the Murray’s lowstand LGM palaeochannel. 
Progradation of the Murray central basin confined within the LGM palaeovalley is reflected 
in laminated fine-grained silts and clays observed in the palaeochannel underlying present-
day Lake Alexandrina (Barnett, 1994, Barnett, 1993). As sea level approached the modern 
coastline I hypothesis that rising sea levels drowned the low slope (0.000026) Murray valley, 
as during this time the late Pleistocene valley-fill sediments of the Monoman Formation sat 
approx. (at least) -20 metres below sea level at the valley’s downstream extent along the 
Murray Coast. This is depicted conceptually in Figure 4.7. Furthermore, an abrupt jump in 
early Holocene sea level in response to Melt Water Pulse (MWP) 1C during the 8.2 ka 
cooling event has been recorded globally in major river systems as accelerated backstepping, 
rapid aggradation and complete infilling of LGM valleys (Hori and Saito, 2007, Tjallingii et 
al., 2010, Tornqvist and Hijma, 2012). It follows that sea level rise outpaced fluvial 
aggradation of the Murray valley-fills, creating accommodation space faster than could be 
balanced by fluvial sediment infilling. A change in MDB fluvial character during this time 
from laterally active, bed-load transporting channels of the late-Pleistocene to Holocene-aged 
suspended-load channels (Page et al., 2009), coupled with low Basin sediment yield and 
delivery (De Rose et al., 2003, Lu et al., 2006), likely contributed to outpaced fluvial 
aggradation. Blocked-valley lakes provide a useful analogue for this outpaced aggradation, 
whereby temporary backwater waterbodies evolve in bedrock confined tributary channels 
that aggrade more slowly than the main river stem due to lower sediment yields (Parker et al., 
2008).  
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During this time the early to mid-Holocene hydroclimate of eastern Australia was 
characterised by warm and wet conditions, with evidence of enhanced fluvial discharge 
(compared to present) across the arid interior and Lake Eyre Basin between 10-6 ka 
(Fitzsimmons et al., 2013, Reeves et al., 2013) (reflecting moisture delivery to NEA), and 
similarly in SEA fluvial systems from 10-4.5 ka (Nanson et al., 2003, Cohen and Nanson, 
2007, Petherick et al., 2013). In contrast the Murray Canyon cores record decreasing fluvial 
activity for the MDB during the Holocene, with record lows occurring between 8-9 ka 
(Gingele et al., 2007) (Figure 4.8). This decrease in terrigenous sediment flux, despite wet 
hydroclimatic conditions and enhanced fluvial discharge, reflects sequestration of MDB 
sediments at the terminus of the system in response to Holocene sea level rise and the 
geomorphic evolution of the central basin (backwater) described here. The existence of this 
sediment sink acts to mute offshore sediment flux, disrupting longitudinal linkages across the 
fluvial-marine interface and connectivity of the sediment cascade to Murray Canyon cores. 
As such, declining fluvial sediment signals in the offshore record is not solely reflective of 
continental aridity over eastern Australia, but may relate more to the geomorphic evolution of 
the lower Murray and of hydrogeomorphic processes occurring at the marine-fluvial 
interface. 
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Figure 4.6. Conceptualised geomorphic evolution of the River Murray during the LGM 
lowstand ca. 20 ka. The palaeochannel extends across the broad Lacepede Shelf to the site 
of the Murray Canyon cores (1). Coarse-grained sands and gravels of the late Pleistocene 
Monoman Formation are deposited within the Murray valley as the lower valley-fill (2).  
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Figure 4.7. Conceptualised geomorphic evolution of the River Murray during the mid-
Holocene ca. 8 to 7.5 ka. As sea level reaches present-day levels (0m) (1) it drowns the low 
gradient Murray valley, as the lower valley-fills of the Monoman Formation sits at least -20m 
below sea level (2). This results in the genesis of a Murray River central basin environment 
that extends at least up to Blanchetown (3). 
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Figure 4.8. Decline in terrigenous sediment flux (clay/silt ratio) recorded in Murray Canyon 
cores (MD03-2607 and MD03-2611). The decrease in sediment flux is compared to records 
of eastern Australia’s hydroclimate, sea level histories for South Australia, and the timing of 
the geomorphic evolution of the lower Murray’s central basin. The declining sediment flux 
offshore during wet hydroclimatic conditions (1) is a result of the sequestration of sediments 
from the MDB onshore in response to post-glacial sea level rise and the genesis of the 
Murray central basin (2).    
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4.6.1.2 Mid Holocene to Late Holocene (ca. 6.4-3 ka) – marine highstand  
 
Data from the South Australian coast show that present sea level was reached between 8,000 
and 7,500 cal. yr BP, followed be a variable mid-Holocene highstand (+1-3m) (Belperio et 
al., 2002, Lewis et al., 2013). During the mid-Holocene highstand the Murray central basin 
reflects its peak spatial extent confined within the long and narrow Murray Valley (Figure 
4.9). This is supported by the stratigraphic record between Blanchetown and Wellington 
(Chapter 2 of this thesis) which reflects deposition of central basin muds as fine-grained 
laminated clay and silt rich over this 200km reach. Figure 2.12 illustrates the Murray central 
basin environment conceptually; a drowned-valley that existed at the time of maximum 
transgression overlying lowstand to transgressive fluvial and estuarine deposits. Radiocarbon 
dating undertaken in this study reveals sedimentation during the mid to late Holocene from 
approximately 7.6 ka to 3.3 ka, Continuation of the central basin deposit with depth confirms 
that the unit extends into the mid to early Holocene and the depositional environment existed 
prior to 7.6 ka. Hydrodynamic modelling of the River Murray in response to the highstand 
further supports this, suggesting that the central basin extended to at least Walker Flat (rkm 
206), with the minimal tidal limit reaching Blanchetown (rkm 274) (Helfensdorfer et al., 
2019). Further, the presence of pyrite identified in clay mineralogical assemblages in Sc-
EFR2 and Sc-RG2 (Chapter 5 of this thesis) supports the existence of an estuarine-marine 
environment confined in the Murray valley around 7.6 ka, as pyrite forms under reducing 
and/or anoxic environmental conditions and rarely in fresh water environments (Rothwell and 
Croudace, 2015). 
 
The Basin-wide 1956 flood provides a useful modern analogue to infer and visualise 
highstand conditions. During the 1956 flood, despite open barrages at the Murray Mouth to 
dissipate flood waters, the lower Murray experienced complete submergence of the channel 
and adjacent floodplains to the extent of the bedrock valley margins throughout the South 
Australian reach; +4.63m above normal river levels at Mannum and +8.33m at Swan Reach 
(Zagotsis, 2006)(Figure 4.10). In this instance flood waters may be used as representative of a 
highstand waterbody and central basin environment entrenched within the Murray valley. 
Longitudinal erosional wave-cut notches undercut 5-10m above present-day river levels into 
the limestone cliffs of the Murray Gorge (between Swan Reach and Mannum) may 
potentially provide evidence of a regionally extensive highstand waterbody, however this 
needs further investigation (Figure 4.11). 
 
The Lower Lakes Alexandrina and Albert developed during highstand inundation and 
submergence of the pre-existing landscape. This enlarged highstand waterbody can be 
observed in ridges of former lakeshore margins and wave-cut cliffs eroded into bordering 
Pleistocene dunes of the Coastal Plain (Bourman et al., 2000). The extent of sea water ingress 
(marine influence) into the Lower Lakes and the lower River Murray during the mid-
Holocene highstand has been hotly debated. Analysis of diatom assemblages within Lake 
Alexandrina during the mid-Holocene reflect persistently freshwater/brackish conditions for 
at least the last 7,000 years (Fluin et al., 2007). Conversely, the existence of the Murray 
central basin implies marine inundation upstream of the Murray Coast and into the Murray 
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valley during the Holocene. During present-day sea level and prior to barrage construction at 
the Murray Mouth, historical evidence shows that the waters of the Murray were observed to 
be saline as far upstream as Mannum during prolonged dry conditions, with marine ingress 
providing suitable habitat for pygmy whales at Tailem Bend in 1926 (State Library of South 
Australia, 2019). It follows that, in the absence of a barrier preventing marine exchange at the 
Murray Coast, the mid-Holocene highstand (+1-3m) would have likely ingressed far 
upstream. During this time Younghusband Peninsula evolved as a discontinuous chain of 
barrier islands from 6000-4500 yrs BP, with the development of flood-tide delta near the 
south shores of Hindmarsh and Mundoo Islands (Bourman et al., 2000, Harvey, 2006). As sea 
level stabilised, Younghusband Peninsula developed into a continuous beach-barrier attached 
to the mainland from 4500-2000 yrs BP (Bourman et al., 2000, Harvey, 2006). It is possible 
that barrier evolution served to restrict exchange across the fluvial-marine interface, with 
transient closure of this barrier an inherent characteristic of wave-dominated estuaries and 
ICOLLs. It may be possible that discharges from the MDB acted to hydraulically 
dam/impound freshwater flows upstream of the Murray Coast. The dynamics of the 
marine/freshwater intersection penetrating upstream presents an interesting conundrum for 
further investigation.   
 
The mid-late Holocene hydroclimate of eastern Australia was characterised by increasing 
variability and drier conditions (Fitzsimmons et al., 2013, Gouramanis et al., 2013, Petherick 
et al., 2013, Reeves et al., 2013), reduced fluvial discharges and an increase in discharge 
variability (Cohen and Nanson, 2007). With the Murray central basin at its peak extent it 
follows that minimal sediment transfer to the Murray Canyon cores occurred during the mid-
Holocene, as reflected in the marine archives (Figure 4.8) 
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Figure 4.9. Conceptualised geomorphic evolution of the River Murray during the mid-
Holocene highstand ca. 6.4 ka. The Murray central basin exists at its maximum extent (1) 
with inundation of the Lower Lakes (2) and development of Sir Richard and Younghusband 
Penninsula as a chain of barrier islands at the Murray Coast. Sediment cores Sc-EFR2 and 
Sc-RG2 record aggradation of the Coonambidgal Formation within the submerged central 
basin (ca. 7.6 to 3.3 ka). During this time offshore delivery of terrigenous sediment flux to the 
Murray Canyon cores is muted.  
  
   
 
 
119 
 
Figure 4.10. Aerial photos showing extent of 1956 flood event, providing a modern analogue 
to visualise the River Murray’s Holocene central basin. (Source: South Australian 
Government). Note geological cross-sections depicted in Figure 4.2 occur at Swan Reach 
and Swanport, visualising deposition of fine-grained clays and silts within a drowned valley 
environment.  
 
 
 
 
Figure 4.11. Longitudinal erosional notches undercut into the limestone cliffs of the Murray 
Gorge (between Swan Reach and Mannum). 
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4.6.1.3 Late Holocene to Present (ca. 3 to 0 ka) – marine regression 
 
A smooth linear fall in sea level is recorded in South Australian coastal deposits during the 
mid to late Holocene regression (Belperio et al., 2002, Lewis et al., 2013) implying a gradual 
retreat of marine influence from the Murray Coast. It is likely that the demise of the central 
basin environment and transition to the present-day channel occurred in tandem with the mid 
to late Holocene regression (Belperio et al., 2002, Lewis et al., 2013). It is possible that a 
pronounced fluvial pulse recoded in offshore core MD03-2607 ca. 2 ka represents the demise 
of the Holocene central basin and formation of the present-day channel planform (Figure 
4.8).World-wide delta initiation and sediment infilling is recorded at the mouth of the world’s 
rivers during late Holocene sea level stabilisation (Stanley and Warne, 1994). The continued 
sequestration of MDB sediments within the central basin, coupled with low Basin sediment 
yield and delivery, may explain the absence of a well-developed Holocene delta at its 
terminus (Hill et al., 2009, Murray-Wallace et al., 2010), instead reflecting a small digitate 
delta.  
 
Renewed fluvial incision into reservoir sediment that follows the decommissioning of 
artificial dams provides a useful analogue to infer geomorphic processes responsible for 
incision of a channel planform (Wilcox et al., 2014, Randle et al., 2015). These empirical 
studies show that low sloped systems with highly cohesive fine-grained sediments require the 
development of a knickpoint that propagates upstream to promote vertical incision of a 
channel, and precludes discharges as being solely responsible (Wilcox et al., 2014, Randle et 
al., 2015). Channel entrenchment within an upstream bay-head delta typically acts to confine 
flow and incision in a pre-determined channel planform, reducing lateral channel migration 
during backwater drawdown. Low slopes and cohesive basal sediments further served to 
reduce channel widening (through mass wasting processes), preventing lateral migration of 
the channel planform and large-scale erosion of reservoir deposits. The late-Holocene was 
characterised by increased climatic variability and enhanced aridity for much of the 
Australian region (Reeves et al., 2013) recorded in decreased and variable fluvial activity 
(Cohen and Nanson, 2007, Petherick et al., 2013), implying discharges may not be 
responsible alone for central basin demise. The late-Holocene erosional history of Sir Richard 
Peninsula near Goolwa may reflect a knickpoint breach location (Bourman et al., 2000, 
Harvey, 2006). It follows that incision of the river into the fine-grained unit (central basin 
deposit) and development of the meandering planform is a relatively recent geological event, 
representing significant environmental transformation that may be recorded in Indigenous 
oral histories and/or preserved in the spatial distribution of human occupation sites.   
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4.6.2 Mechanisms of sediment deposition and aggradation of the Coonambidgal 
Formation 
 
The mechanisms of sediment deposition (aggradation of the Coonambidgal Formation) 
during the genesis and evolution of the Murray central basin have important implications for 
the connectivity of the sediment cascade offshore to the Murray Canyon cores. Mechanisms 
are explored here in greater detail and conceptualised in Figure 4.12. During the marine 
lowstand, sediment deposition occurs where the river channel reaches static water beyond the 
shoreline (backwater zone), in this case late Pleistocene sea level of the Southern Ocean 
(Figure 4.12a). This forces flow deceleration and resulting sediment deposition, with rivers 
considered highly depositional at this interface due to static water beyond the shoreline 
(Blum and Törnqvist, 2000, Fagherazzi et al., 2004, Törnqvist et al., 2006). During post-
glacial sea level rise (marine transgression), this boundary of static water (backwater zone) 
migrates/creeps landward within the confined and narrow Murray valley. As a result, the 
zone of flow deceleration and sediment deposition similarly progressively migrates/creeps 
upstream (Figure 4.12b). It follows that the age of sedimentation at the downstream extent of 
the valley is older than sediment deposited upstream, as downstream sediments accumulated 
first during early marine transgression. During the marine highstand, inundation of the 
Murray valley is at its maximum extent, as is the upstream boundary of the static water 
(backwater zone). The backwater zone is then stationary during the mid-Holocene highstand 
for a prolonged period of time (millennia). Two mechanisms of sediment deposition may 
exist under this scenario. The first is time progressive sedimentation migrating downstream, 
represented by staccato zones of aggradation creeping downstream and onlapping the older 
transgressive sequence (Figure 4.12c). Under this mechanism the age of mid-Holocene 
sedimentation upstream would be older than the sequence migrating downstream, the valley 
filling/aggrading from the top down. The second mechanism is even/continuous 
sedimentation along the length of the central basin environment at a single point in time, the 
valley filling/aggrading all at once (Figure 4.12c). It is possible this could result from density 
laden hypercynal flows and mixing of fresh and marine waters during highstand inundation.  
These mechanisms may be deduced from further analysis of the age of sediments and 
stratigraphic histories within the Coonambidgal Formation, an avenue for future 
investigation. During the marine regression the boundary of static water (backwater) begins 
to fall and migrate downstream along with the zone of sediment deposition (Figure 4.12d). 
The mechanisms conceptualised here reflect and imply almost complete trap efficiency 
onshore within the narrow (0.5-1km wide) and elongate (approx. 200km) Murray central 
basin during the Holocene. Sediment flux offshore during the Holocene would be dependent 
on peak discharges associated with proposed Basin-wide mega-floods to reinstate sediment 
connectivity. Under this model the declining fluvial signal in the Murray Canyon cores is a 
result of the genesis and evolution of the Murray central basin environment and mechanisms 
of deposition during the Holocene.  
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Figure 4.12. Conceptualised mechanisms for sediment deposition within the Murray central 
basin during genesis and evolution.  
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4.7 Future work 
 
The Murray central basin hypothesis explored here provides new perspectives on the 
geomorphic evolution of the River Murray in response to post-glacial sea level rise based on 
the findings of recent investigation and existing literature. Further investigation is required to 
constrain the timing of the evolution of the central basin environment from its genesis to its 
demise and the development of the present-day channel planform. Characterising the 
sedimentary signatures preserved in the central basin deposit has become the focus of future 
investigation, exploring the use of the laminated deposit as a palaeoflood archive for the 
MDB (Chapter 5 of this thesis). Specific questions that arose from this study for future 
investigation include:   
• What triggered the demise of the Holocene backwater/central basin environment and 
development of present-day planform?  
• Is this large-scale environmental transformation recorded in local Indigenous oral 
histories or knowledge? 
• Is there evidence for the central basin hypothesis recorded in the spatial distribution of 
human occupation sites along the River Murray? 
• What was the extent of seawater ingress up the valley during post-glacial sea level 
rise? What dynamics control the salt-freshwater stratification and or wedge? 
• What flows are sufficient enough in the context of the mid-Holocene highstand to 
maintain a deep-water setting?  
• What mechanisms are responsible for sedimentation/aggradation of the 
Coonambidgal Formation throughout the Holocene? 
 
4.8 Conclusion  
 
The geomorphic evolution of the Murray’s central basin environment provides new 
perspectives of the response of the fluvial system to post-glacial sea level rise. The findings 
presented here reveal that the river was highly depositional upstream of the river mouth 
during the Holocene, the central basin environment recording sediment flux from the MDB 
and eastern Australia driven by distinct synoptic climate systems. Moreover, the onshore 
record preserved at the terminus of the MDB compliments the absence of the offshore record, 
with declining sediment flux in the Murray Canyon cores related more to the geomorphic 
evolution of the lower River Murray than to reduced river discharge during the Holocene. 
These findings caution the use of marine archives as uninterrupted sources of terrigenous 
sediment flux during post-glacial sea level rise, especially for low-lying wave dominated 
coastlines with low sediment delivery to the terminus, with implications for the 
reconstruction of past global climates.  
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5 CHAPTER 5 
 
Identification of a Murray-Darling Basin palaeoflood 
record: a proxy record of eastern Australia’s 
hydroclimatic variability during the Holocene 
 
 
 
ABSTRACT  
 
The Murray Darling Basin (MDB) covers 14% of eastern Australia, with precipitation and 
discharge driven by distinct synoptic-scale climate systems. The behaviour of these climate 
systems, and their role in driving Australia’s hydroclimatic variability and climate extremes 
is not well constrained nor captured in the instrumental record (~120 years in total). Recent 
climate extremes impacting the Basin, such as the Millennium Drought and Brisbane Floods, 
have highlighted the need to establish long term records of eastern Australia’s hydroclimatic 
variability for management of Basin resources (water security) and community and 
infrastructure resilience. Here we report the identification and analyses of the first in-situ 
multi-millennial palaeoflood archive for the MDB that reflects peak discharge variability 
driven by extreme hydrological events, and by proxy, eastern Australia’s precipitation and 
hydroclimatic variability. The palaeoflood archive preserves alternating flood and drought 
extremes, reflecting well the nature of moisture delivery to north and southeastern Australia. 
Its identification will be of significance in documenting the full range of hydroclimatic 
variability for the MDB and eastern Australia, crucial for adaptive management of Basin 
resources under projected climate change.   
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5.1 Introduction 
 
The Murray-Darling Basin (MDB) drains 1.07 million km2 of eastern Australia and 
represents one of Australia’s most important and contentious environmental management and 
water security challenges. Extending across climatically distinct regions of eastern Australia, 
Basin precipitation and discharge (streamflow) is driven by distinct synoptic-scale climate 
systems (Figure 5.1). The behaviour of these systems, and their role in driving flood and 
drought extremes, is not well constrained (Kiem and Verdon-Kidd, 2011, Gallant et al., 
2012). Currently there are very few records capable of inferring long-term trends in discharge 
and hydroclimatic variability from the MDB, with existing reconstructions relying on in-
direct proxy records of precipitation from sites located outside of the Basin, and limited to the 
last millennium (Verdon and Franks, 2007, McGowan et al., 2009, Gallant and Gergis, 2011, 
Gergis et al., 2012, Vance et al., 2013, Ho et al., 2015, Vance et al., 2015). Despite this, 
existing records nevertheless imply that the instrumental record (~120 years in total) does not 
capture the full range of hydroclimatic variability for the Basin, revealing that significantly 
longer and more frequent wet and dry periods have been experienced in eastern Australia in 
the pre-instrumental period (Ho et al., 2015, Tozer et al., 2016). As such, long-term 
palaeorecords of eastern Australia’s hydroclimate are crucial for documenting MDB 
discharge variability and establishing long-term patterns of flood and drought-dominated 
regimes (Erskine and Warner, 1998). This is particularly important in light of the projected 
fall in cool season rainfall over the Basin during the 21st century, and likely increase in the 
frequency of extreme hydrological events (Christensen et al., 2013). 
 
Recent extremes in the Basin and more broadly eastern Australia, such as the Millennium 
Drought (1997-2010) and the Brisbane Floods (2011), highlight the need for increased 
understanding of long-term hydroclimatic variability. The Millennium Drought was the most 
severe drought recorded in ~120 years of climate records, severely impacting MDB 
streamflow and costing the Federal Government $4 billion in drought assistance, with 
prolonged social, agricultural, environmental and economic implications (van Dijk et al., 
2013). This period of prolonged dry was alleviated in part by devastating floods in south east 
Queensland, which cost $1.5 billion in property damage and was responsible for 36 deaths 
(Queensland Floods Commission of Inquiry., 2012). Floods are considered the most costly 
natural disaster in Australia, with the average annual economic cost of floods over the past 
decade being $8 billion Australian dollars (Economics, 2017). The impacts and costs of 
climate extremes such as these are difficult to quantify, comprising tangible (property 
damage) and intangible (health and wellbeing) costs that are long lasting and far reaching. A 
recent government focus has been on building resilience in infrastructure and community 
preparedness across Australia in response to these climate extremes. To achieve this, the 
scientific community has attempted to extend the instrumental record and increase our 
understanding of eastern Australia’s hydroclimatic variability over millennial timescales 
(SEQ., 2019, VicDRIP., 2019).  
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Recent investigation of the late Quaternary valley fills at the terminus of the MDB in South 
Australia revealed that the Coonambidgal Formation (upper valley-fill unit) is characterised 
by a laminated fine-grained silt and clay rich unit with potential for palaeoflood 
reconstruction (Chapter 2 of this thesis). The laminated sequence is characterised by olive-
black to grayish olive clayey silts interbedded with hundreds of ~cm thick light-gray clay rich 
laminae. At the terminus of the MDB, the Coonambidgal Formation represents sediments 
sequestered from geologically and climatically distinct regions of eastern Australia during the 
Holocene. Radiocarbon dating on two sediment cores located at Mannum (Sc-EFR2) and 
Riverglen (Sc-RG2) in Chapter 4 of this thesis revealed that the sequence dates from at least 
the mid to late Holocene (ca. 3.3 to 7.6 ka) (Figure 5.1b). Located at the terminus of the 
MDB, the laminated sequence has the potential to record a multi-millennial record of peak 
discharges (palaeofloods) from the Murray and Darling sub-basins, and may shed light on the 
eastern Australia’s hydroclimatic variability during the Holocene. This objective of the 
chapter is to reconstruct a palaeoflood record for the Murray-Darling Basin from the 
stratigraphy of the lower Murray’s laminated sequence. Specifically, in this chapter I 
consider the following questions: 
• What sedimentary signatures characterise the laminated sequence?  
• Can the character of the laminations identify and distinguish floods originating from 
the Murray versus the Darling sub-catchments? 
• Is it possible to reconstruct palaeoflood frequency from the laminated sequence? 
• What does this tell us about hydroclimatic variability during the Holocene and the 
synchronous/asynchronous behaviour of climate drivers?  
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Figure 5.1.The Murray-Darling Basin (MDB) covering eastern Australia, and the lower 
Murray River (LMR) at its terminus in South Australia. a. Seasonal rainfall patterns; cross 
hatching in northeastern Australia (NEA) representing summer precipitation over the Darling 
River sub-basin (shaded blue), and black dots in southeastern Australia (SEA) reflecting 
winter precipitation over the Murray River sub-basin (shaded brown). The Darling and 
Murray rivers are portrayed as bold within their respective sub-basins. b. Location of 
sediment cores acquired at Mannum (Sc-EFR2) and Riverglen (Sc-Rg2).  
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5.2 Regional setting  
 
The Murray-Darling Basin (MDB) drains 14% of Australia’s landmass and can be broadly 
subdivided into the northern Darling River and southern Murray River sub-basins (Figure 
5.1) Originating in sub-tropical north-eastern Australia (NEA), the Darling River sub-basin 
flows north-south through inland Queensland before intersecting the Murray River sub-basin 
at the confluence at Wentworth. The Murray River sub-basin originates in temperate south-
eastern Australia (SEA) and flows east-west through New South Wales and Victoria, 
diverting south at Morgan in South Australia before debouching into the Southern Ocean 
through the Lower Lakes (Alexandrina and Albert) and Murray Mouth near Goolwa. The 
Basin drains climatically and geologically distinct regions of eastern Australia, with 
precipitation (discharge) driven by distinct synoptic-scale Southern Hemisphere climate 
systems. As such, flow regimes are highly variable across the Basin, (as are flow efficiencies) 
and sediments weathered from the Darling and Murray sub-basins have distinct geochemical 
and mineralogical signatures, discussed herein.  
 
5.2.1 Hydroclimatic and hydrological regime 
 
NEA receives episodic summer precipitation strongly influenced by the Australian Summer 
Monsoon (ASM), the Indian Ocean Dipole (IOD), the El Niño Southern Oscillation (ENSO) 
and the Inter-decadal Pacific Oscillation (IPO) (Risbey et al., 2009, Gouramanis et al., 2013, 
King et al., 2014). Tropical cyclones and monsoon depressions associated with the passage of 
these climate systems are considered major rain-bearers to NEA. Conversely, SEA receives 
winter precipitation influenced by the Westerly Winds (WW) and the Southern Annular 
Mode (SAM), with east coast lows being the major rainfall bearers (Hopkins and Holland, 
1997, Risbey et al., 2009, Gouramanis et al., 2013, King et al., 2014). Basin discharge and 
flow regimes mirror this regional pattern of seasonality. The Darling River sub-basin is 
characterised by unpredictable, intermittent and variable summer flows, with considerable 
zero-flow days and infrequent large floods. In comparison, the Murray River sub-basin is 
broadly characterised by perennial and stable winter/spring baseflows, fed by snowmelt from 
the southern highlands, with low flow variability and high-magnitude/long-duration floods 
(Kennard et al., 2010). This variability in flow regimes is further reflected in flow efficiencies 
to the Basin outlet, heavily influenced by hydrologic losses such as infiltration of river flow 
to groundwater, and evapotranspiration from channels, floodplains and wetlands. Flow 
efficiencies for the Darling River sub-basin to the Murray Mouth are 28%, with higher flow 
efficiencies for the Murray River sub-basin at 68%, when modelled under natural conditions 
(without development) and historical climate (CSIRO, 2008). This finding is mirrored when 
modelling event-scale hydrologic connectivity, flood pulse volumes delivered to the lower 
River Murray lower for the Darling River sub-basin than the southern Murray River sub-
basin (Rustomji and Podger, 2012).  
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5.2.2 Basin geology  
 
Covering geologically distinct regions of eastern Australia, the Darling and Murray River 
sub-basins are also characterised by distinct suspended sediment signatures. The Darling 
River sub-basin originates in the New England Foldbelt, draining predominantly mafic 
Mesozoic and Cenozoic lithologies of NEA, while the Murray River sub-basin originates in 
the Lachlan Fold Belt and drains Palaeozoic regions and the predominantly felsic lithologies 
of SEA (Kingham, 1998, Gingele and De Deckker, 2005, Marx and Kamber, 2010, de Caritat 
and Grunsky, 2013). As such suspended sediment signatures for rivers and tributaries 
draining the Darling sub-basin are enriched in smectite, and conversely those draining the 
Murray sub-basin are enriched in higher proportions of illite and kaolinite (Gingele and De 
Deckker, 2004, Gingele and De Deckker, 2005). Low denudation rates and sediment yields 
exist for the MDB, as such it is characterised by net sediment redistribution within the Basin 
rather than export from it. The combined effects of topography, rainfall intensity and rainfall 
duration make the system inefficient at transporting sediment to the Basin outlet. Empirical 
studies reveal that, under natural conditions (without development), less than 1% of the total 
sediment input to the system is received at Murray Mouth in South Australia (De Rose et al., 
2003, Lu et al., 2006). Sediment delivery through the system has been closely linked to 
temporal hydrological controls; extreme hydrological events responsible for generating high 
sediment yields and delivery through the MDB network during peak discharges (Scott, 2001, 
Lu et al., 2006), a relationship established elsewhere in modern fluvial systems (Aalto et al., 
2003, Darby et al., 2016).  
 
5.2.3 Study site – the River Murray, South Australia 
 
The lower River Murray is defined here as the reach between Blanchetown (Lock 1) and 
Wellington in South Australia (approximately 209 river km) located at the terminus of the 
MDB (Figure 5.1). The lower Murray is a low sinuosity, suspended load channel with low 
stream power, cohesive bank materials and a low-gradient (0.000026) (Thoms and Walker, 
1993, Walker and Thoms, 1993). The present-day system can be separated into three regions; 
the Gorge between Blanchetown and Mannum, the Floodplains between Mannum and 
Wellington and the Murray Coast as the river debouches into the Lower Lakes (Walker and 
Thoms, 1993). The Murray enters the steep sided limestone gorge above Blanchetown where 
the single channel is party confined and characterised by distributary billabongs, with long 
straight sections and more meandering sections where the river abuts the limestone cliffs. The 
Murray emerges from the Gorge below Mannum into the Floodplains reach, characterised by 
low-lying agricultural floodplains and isolated limestone and granite bluffs. The majority of 
floodplains within this reach have been drained and reclaimed for agricultural purposes, with 
levees constructed along channel margins and stabilised with exotic willows (Thoms and 
Walker, 1993, Walker and Thoms, 1993). The River Murray debouches into the Lower Lakes 
(Alexandrina and Albert) at the Murray Coast; a broad and shallow micro-tidal wave-
dominated estuary, bounded to the west by the Mount Lofty Ranges and to the east by the 
southeastern Coastal Plain. 
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Recent investigation of the late Quaternary valley-fills in South Australia (Chapter 2 of this 
thesis) revealed that the Coonambidgal Formation and upper-valley fill unit of the lower 
Murray is characterised by fine-grained clays and silts to great depth. A detailed description 
of the unit is provided in Chapter 2 of this thesis, characterised from engineering boreholes, 
cone penetrometers tests (CPTu) and sediment cores. In summary, the fine-grained unit 
increases progressively in thickness from 10 to >40 metres thick between Blanchetown and 
Wellington, displaying a downstream fining trend with an increasing clay component. 
Between Mannum to Wellington (approx. 80 km reach) the unit is characterised by a 
laminated sequence between depths of -3 and of -15m AHD. The laminated sequence is 
characterised by olive-black to grayish-olive silts interbedded with hundreds of light-gray 
clay laminae, intermittently interrupted by fine-grained sand layers overlying hiatus. An 
absence of bioturbation, oxidation or pedogenesis, was observed throughout the unit, and the 
preservation of fine bedding structures reflects a deep water setting (>5m) and low energy 
depositional environment with anoxic conditions, low sediment remobilisation and long 
residence times. Radiocarbon dating on the laminated sequence in two cores located at 
Mannum (Sc-EFR2) and Riverglen (Sc-RG2) approx. 60 km apart, implies that the unit is 
mid to late Holocene capturing sedimentation between 7551-7659 cal yrs BP and 3209-3378 
cal years BP (ca. 7.6 to 3.3 ka), although the laminated sequence continues with depth 
possibly into the mid to early Holocene (analysis from Chapter 4 of this thesis). Geomorphic 
investigations hypothesise that the laminated sequence was deposited in a central basin 
environment evolving under highstand conditions during the mid to late Holocene (proposed 
in Chapter 2 and explored in Chapter 4 of this thesis). In this chapter (Chapter 5) the 
laminated sequence in the two cores located at Mannum (Sc-EFR2) and Riverglen (Sc-RG2) 
were selected for analysis of physical, mineralogical and geochemical properties in order to 
characterise sedimentary signatures and reconstruct a palaeoflood record for the MDB. 
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5.3 Methods 
 
5.3.1 Physical properties - grainsize distribution    
 
Grainsize analysis was undertaken to characterise the physical properties of the laminated 
sequence both down core and between facies. Upstream Sc-EFR2 was sub-sampled at 1 cm 
depth intervals and Sc-RG2 at 2 cm intervals. Sub-sampling between facies was based on 
visual identification, samples acquired from; the gray laminae, surrounding olive-black muds 
and relatively coarser layers overlying hiatus. Sample analysis was undertaken using a 
Malvern Mastersizer laser particle size analyser (Sperazza et al., 2004). Data were processed 
using GRADISTAT 8.0 (Blott and Pye, 2001) with Folk and Ward (1957) graphical statistics 
and clast sizes classified following the Udden-Wentworth classification (Udden, 1914, 
Wentworth, 1922). 
 
5.3.2 Geochemistry - Itrax X-ray fluorescence (XRF) 
 
Itrax X-ray fluorescence (XRF) core scanning was undertaken to characterise the 
geochemical signature of the laminated sequence. This non-destructive technique provides 
semi-quantitative trends of major elements and trace elements as well as high resolution 
optical and X-radiograph images of the sediment cores. Scanning was undertaken at the 
Australian Nuclear, Science and Technology Organisation (ANSTO). The XRF-core scanner 
was fitted with a molybdenum (Mo) tube operating at 30kV and 55mA for XRF conditions, 
and 55kV and 30mA for X-radiograph conditions. Downcore measurements were acquired at 
1000 micron increments, each with a 10 second exposure time.  
 
Individual element counts were normalised to the Mo incoherent and Mo coherent scattering 
ratio (MoR), commonly used in sedimentary environments to eliminate specimen/matrix 
effects and correct for down core fluctuations in organics, water content and sediment density 
during analysis (Kylander et al., 2011, Weltje et al., 2015). In this instance MoR is also used 
here as a proxy for light elements (e.g. organic carbon, water content) (Rothwell and 
Croudace, 2015). Elemental ratios were also computed and used to explore process and 
environmental proxies (Rothwell and Croudace, 2015). Prior to statistical analysis a 
Pearson’s correlation was undertaken and elements that conveyed a linear relationship were 
used in statistical analysis. To eliminate non-linear matrix effects and constant-sum 
constraints the centred-log ratio formation was applied, which generates unconstrained, 
normally distributed elemental distributions as an input for multivariate statistical analysis 
(Weltje and Tjallingii, 2008, Weltje et al., 2015). Principal components analysis (PCA) was 
performed, in order to infer trends in sedimentation.  
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5.3.3 Mineralogy - X-ray powder diffraction (XRD) 
 
X-ray powder diffraction (XRD) was undertaken to support qualitative analysis of clay 
mineralogy between sedimentary facies and infer sediment sources. Samples were selected 
from the gray clay laminae and surrounding olive-black silts in Sc-EFR2 and Sc-RG2 
(Supplementary Table S1). Data were collected at the Australian Synchrotron (Wallwork et 
al., 2007). The samples were loaded into a 0.3 mm borosilicate capillary and mounted on the 
powder diffraction beamline. As these data were intended to provide a qualitative 
identification of the phases present, an internal standard was not included. Datasets were 
collected in two separate beamtime allocations at different energies. An accurate wavelength 
was refined from a NIST SRM LaB6-660b standard for each beamtime allocation. Data were 
collected using the Mythen microstrip detector (Schmitt et al., 2003) from 3 – 83° 2θ. To 
cover the gaps between detector modules, two datasets were collected with the detector set 5° 
apart and then merged to a single dataset. Collection time for each detector position was five 
minutes. To facilitate comparison between datasets, the datasets have been converted to the 
same incident beam energy - 0.825Å, 15keV. All intensities were normalised to the incident 
beam current. Synchrotron datasets were merged and re-scaled to 15KeV using in-house data 
processing software, PDViPeR. Phase identification and clustering to determine the most 
representative patterns from each core was carried out using the Panalytical Highscore Plus 
software with the ICDD database. Data collections carried out support qualitative analysis, 
demonstrating trends in the mineralogy of the clays between different sources rather than 
quantitative differences. This is typical of systems such as this where the interactions 
between clay minerals can be extremely complex. 
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5.4 Results 
 
5.4.1 Physical properties - grainsize distribution  
 
Three distinct grainsize modes were identified within the laminated sequence (Figure 5.2). 
Light-gray laminae are comprised of >85% clay-sized mineral clasts, are planar-undulose, 0.5 
mm to 1 cm in thickness with acute boundaries. The surrounding olive-black to grayish-olive 
sediments, within which the laminae are interbedded comprise >81.5% silt-sized mineral 
clasts. Occasional grayish-olive layers intermittently punctuate the laminated silt/clay 
sequence, and are often associated with unconformities, likely representing hiatuses within 
the record. They are characterised by fine-to-medium sand-sized clasts, with a coarsely 
skewed biomodal grainsize distribution that reflects a clay and silt fraction (Fig. 3a).  
 
 
Figure 5.2. Distinct grainsize modal peaks of facies from the laminated sequence. (Nb. Gray 
laminae (n=10), olive-black muds (n=16), grayish olive facies (n=10)).  
 
5.4.2 Geochemistry - Itrax X-ray fluorescence (XRF) 
 
5.4.2.1 Sc-EFR2, Mannum 
 
Figure 5.3 displays the biplots of PC1 vs. PC2 and PC2 vs. PC3 for Sc-EFR2.  Figure 5.3 
also shows the screeplot of computed eigenvalues as well as R-scores, which represent the 
loadings for each element from the PCA. The sign of the loading indicates which elements 
are positively associated and which have an inverse association, as depicted in the biplots. 
The magnitude of the R-score indicates the relative significance of each element within each 
PC. Those with R-scores greater than 0.5 are discussed (those that describe the most variance 
in the data), and those which make up the major contribution (>0.8) are denoted in bold. In 
the following, elements are listed in order of decreasing importance.  
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In Sc-EFR2 the first three PCs account for 48.15% of the overall variance in the data, and the 
first eleven (those with eigenvalues >1) account for 77.35% (Figure 5.3,). PC1 to PC3 are 
discussed herein, based on the significance attributed by the eigenvalues. PC1 accounts for 
23.6% of the total variance: positive values driven by kcps, Si, K, Ca, Ti, Fe, Cr, Gd, Zn, Zr, 
Sm, Tb, Fe/Ca, and negative values by Rb/Ti. Positive values are interpreted to reflect 
sediments sourced broadly from weathering of felsic and mafic/ultramafic lithologies of the 
MDB based on their mixed Fe and K enriched signature, negative scores potentially 
reflecting a heavy mineral contribution (Rothwell and Croudace, 2015).  PC2 accounts for 
17.4% of the total variance: positive values are driven by MoR, Fe/K, Fe/Zr, Fe/Ti, Mn, and 
negative values by Rb, Rb/Sr, K/Ti, Rb/Ti, K/Ca. Positive values for PC2 reflect an Fe 
enriched detrital signature; interpreted to represent sediments sourced from weathering of 
mafic/ultramfic lithologies of NEA and the Darling River sub-basin, and negative scores 
reflect a K and Rb enriched detrital signature; interpreted to represent sediments sourced 
from weathering of felsic lithologies of the Murray River sub-basin (Kingham, 1998, Gingele 
and De Deckker, 2005, de Caritat and Grunsky, 2013). The inverse association identified by 
PC2 was used to identify palaeofloods originating from either the Murray or the Darling 
River sub-basin in Sc-EFR2. PC3 accounts for 7.1% of the total variance: positive values 
driven by Ni, Zn, Pb. PC3 is interpreted to reflect a contribution of transition metals 
associated with sediments sourced from mafic/ultramafic lithology of NEA and the Darling 
River sub-basin (de Caritat and Grunsky, 2013).  
 
 
 
Figure 5.3: Principal components analysis (PCA) of elemental Itrax XRF data in Sc-EFR2. a) 
Biplots of PC1 vs. PC2 and PC2 vs PC3, representing 48.1% of the overall variance in the 
data. b) Screeplot displaying eigenvalues for principal components. The first eleven PCs 
(those with eigenvalues >1) account for 77.35% of the total variance. c) A bar diagram 
showing the R-scores (element loadings). Those with R-scores greater than 0.5 which 
describe the most variance in the data are denoted by the zone shaded grey.  
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Table 5.1.Variance, loadings and R-scores of the first three principal components (PC) for 
elemental Itrax XRF data in Sc-EFR2. 
 
Principal 
component Variance (%) Positive loadings Negative loadings 
PC1 23.6 
kcps, Si, K, Ca, 
Ti, Fe, Cr, Gd, Zn, 
Zr, Sm, Tb, Fe/Ca 
Rb/Ti 
PC2 17.4 MoR, Fe/K, Fe/Zr, Fe/Ti, Mn 
Rb, Rb/Sr, K/Ti, 
Rb/Ti, K/Ca 
PC3 7.1 Ni, Zn, Pb - 
 
 
5.4.2.2 Sc-RG2, Riverglen 
 
Figure 5.4 displays the biplots of PC1 vs. PC2 and PC2 vs. PC3 for Sc-RG2.  Figure 5.4 also 
shows the screeplot of computed eigenvalues as well as R-scores, which represent the 
loadings for each element from the PCA.  
 
In Sc-RG2, the first three PC account for 36.68 % of the overall variance in the data; the first 
fourteen (those with eigenvalues >1) account for 82.37% of it (Figure 5.4, Table 5.2). PC1 to 
PC3 are discussed herein, based on the significance attributed by the eigenvalues. PC1 
accounts for 19.2% of the total variance: positive values driven by Si, K, Ti, Ca, Rb, Sr, Zr, 
and negative values by Fe/Ti, Fe/K, MoR, Fe/Zr, Fe/Ca. Positive values for PC1 reflect a K 
and Rb enriched detrital signature; interpreted to represent sediments sourced from 
weathering of  felsic lithologies of the Murray River sub-basin, and negative values reflect a 
Fe enriched detrital signature interpreted to represent sediments sourced from weathering of 
mafic/ultramafic lithologies of NEA and the Darling River sub-basin(Kingham, 1998, 
Gingele and De Deckker, 2005, de Caritat and Grunsky, 2013). The inverse association 
identified by PC1 was used to identify palaeofloods originating from either the Murray or the 
Darling River sub-basin in Sc-RG2. PC2 accounts for 9.6% of the total variance: positive 
scores driven by Fe, kcps and Tb. Despite Fe enrichment, PC2 is not interpreted as a detrital 
signature diagnostic of NEA/Darling sub-basin sediments due to the negative 
correlation/relationship to RG2-PC1. PC3 accounts for 7.9% of the total variance: positive 
values driven by Rb/Ti, Rb, and K/Ca, and negative values driven by Fe/K. PC3 likely 
represents a contribution of sediments sourced from the Murray River sub-basin due to 
enrichment in K and Rb.  
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Figure 5.4: Results of principal components analysis (PCA) of XRF data for core Sc-RG2. a) 
Biplots of PC1 vs. PC2 and PC2 vs PC3, representing 36.68% of the overall variance in the 
data. b) Screeplot displaying eigenvalues for principal components. The first fourteen PCs 
(those with eigenvalues >1) account for 82.37% of the total variance. c) A bar diagram 
showing the R-scores (element loadings). Those with R-scores greater than 0.5 which 
describe the most variance in the data are denoted by the zone shaded grey.  
 
 
 
Table 5.2: Variance, loadings and R-scores of the first three principal components (PC) for 
elemental Itrax XRF data in Sc-RG2. 
 
Principal 
component Variance (%) Positive loadings Negative loadings 
PC1 19.2 Si, K, Ti, Ca, Rb, Sr, Zr Fe/Ti, Fe/K, MoR, Fe/Zr, Fe/Ca 
PC2 9.6 Fe, kcps and Tb - 
PC3 7.9 Rb/Ti, Rb, and K/Ca Fe/K 
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5.4.3 Mineralogy - X-ray powder diffraction (XRD) 
 
XRD analysis revealed that overall clay mineralogical assemblages for the light-gray clay 
rich laminae and surrounding olive-black silts were similar across both sediment cores. All 
samples contain quartz, illite and kaolinite major group minerals with minor albite and 
disordered material present (Figure 5.5, Table 5.3). Overall, olive-black silts are generally 
richer in illite and clay rich laminae contain more disordered material potentially suggesting 
the presence of smectites. In Sc-EFR2 a trend with depth was observed downcore within the 
olive-black silts; a favour for phengite mica over illite (Table 5.3). This may suggest 
mineraological changes with depth from illite to mica or a compositional change in the 
contents of the illites. This requires further investigation as the structural similarity between 
illite and phengite make it difficult to distinguish (Table 5.3). It is interesting to note in both 
sediment cores the presence of pyrite at the very base of the olive-black silts, which forms 
under reducing and/or anoxic environmental conditions and rarely in fresh water 
environments (Table 5.3) (Rothwell and Croudace, 2015).  
 
 
 
Figure 5.5. Representative diffraction patterns for light-gray clays (blue) and olive-black silts 
(red). Lines indicate reflection positions for mineral constituents.  
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Table 5.3. Mineral constituents for sediments sampled from Sc-EFR2 and Sc-RG2. 
Sediment 
core 
Sample 
source  
Sample 
depth (cm) 
Mineral Constituents 
Major Minor 
Sc-EFR2 Light-gray 
clay 
132 Quartz, Kaolinite, Illite Albite 
153 Quartz, Illite 
 
193.5 Quartz, Kaolinite, Illite Albite 
219.5 Quartz, Kaolinite, Illite Albite 
255 Quartz, Kaolinite, Illite Albite 
288.5 Quartz, Kaolinite, Illite 
 
305 Quartz, Kaolinite, Illite Albite 
362 Quartz, Kaolinite, Illite 
 
397.5 Quartz, Kaolinite, Illite 
 
Olive-black 
silts 
67.5 Quartz, Kaolinite, Illite Albite 
75.5 Quartz, Kaolinite, Illite Albite 
130 Quartz, Kaolinite, Illite Albite 
165 Quartz, Kaolinite, Illite Albite 
192.5 Quartz, Kaolinite, Illite/Phengite Albite 
209 Quartz, Kaolinite, Illite/Phengite 
 
287.4 Quartz, Kaolinite, Illite/Phengite Albite 
288.5 Quartz, Kaolinite, Illite/Phengite Albite 
308 Quartz, Kaolinite, Illite/Phengite Albite 
345 Quartz, Kaolinite, Illite/Phengite Albite 
395 Quartz, Kaolinite, Illite/Phengite Pyrite 
Sc-RG2 Light-gray 
clay 
27 Quartz, Kaolinite, very small 
amount of Illite 
 
53 Quartz, Kaolinite 
 
68 Quartz, Kaolinite 
 
70.5 Quartz, Kaolinite, very small 
amount of Illite 
 
85.5 Quartz, Kaolinite, very small 
amount of Illite 
 
111.5 Quartz, Kaolinite, very small 
amount of Illite 
 
129 Quartz, Kaolinite, Illite Albite, Pyrite 
Olive-black 
silts 
25.5 Quartz, Kaolinite, Illite Albite 
60.5 Quartz, Kaolinite, Illite Pyrite 
72.5 Quartz, Kaolinite, Illite Albite 
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86.5 Quartz, Kaolinite, very small 
amount of Illite 
Very small 
amount of 
Albite 
120.5 Quartz, Kaolinite, Illite Albite 
139 Quartz, Kaolinite, Illite Albite, Pyrite 
163.5 Quartz, Kaolinite, Illite Pyrite 
 
 
5.4.4 Facies characterisation  
 
Three facies were identified from the laminated sequence based on a composite record of 
grainsize modal peaks, geochemical enrichment and clay mineralogical assemblages (Figure 
5.6-5.7 and Table 5.4). These facies are interpreted to represent sedimentary signatures 
diagnostic of sediments sourced from the MDB and reflect changes in the MDB’s 
hydrological regime. A regionally coherent sedimentary signal was captured across the 80km 
study reach between Sc-EFR and SC-RG2.  
 
5.4.4.1 Facies a  
 
Facies a is characterised by light-gray clay rich laminae enriched in Fe. A comparable 
geochemical signature was identified across the 80km study reach; in Sc-EFR2 PC2 (positive 
values) driven by Fe/K, Fe/Zr, MoR, Fe/Ti, Mn, and in Sc-RG2 PC1 (negative values) 
driven by Fe/Ti, Fe/K, MoR, Fe/Zr, Fe/Ca. Clay mineralogical assemblages abundant in 
quartz, kaolinite and illite were similarly identified for facies a across the 80km study reach, 
presenting a slightly higher amount of disordered material (smectites). The strong 
contribution of MoR to facies a, used here as a proxy for water content, may be indicative of 
smectite clays and their high water absorption properties, indicating clay mineralogical 
assemblages from the Darling River sub-basin. Facies a is interpreted to reflect sediments 
weathered from mafic/ultramafic lithologies, found predominately in NEA and the Darling 
River sub-basin of the MDB (Kingham, 1998, Gingele and De Deckker, 2005, Marx and 
Kamber, 2010, de Caritat and Grunsky, 2013). Within the laminated sequence facies a 
‘overprints’ upon the background sediment signal, reflected in the inverse association of 
elementals identified in PCA.  
 
5.4.4.2 Facies b  
 
Facies b, within which facies a laminae are interbedded, is characterised by olive-black to 
grayish-olive silts and enriched in Rb and K. A comparable geochemical signature enriched 
predominantly in K and Rb was identified across the 80km study reach; Sc-EFR2 PC2 
(negative values) driven by Rb, Rb/Sr, K/Ti, Rb/Ti, K/Ca, and Sc-RG2 PC1 (positive values) 
driven by Si, K, Ti, Ca, Rb, Sr, Zr. Clay mineralogical assemblages abundant in quartz, 
kaolinite and illite were similarly identified for facies b across the 80km study reach, and 
were generally richer in illite. Facies b is interpreted to reflect sediments weathered from 
   
 
 
146 
felsic lithologies, found predominately in SEA and the Murray River sub-basin of the MDB 
(Kingham, 1998, Gingele and De Deckker, 2005, Marx and Kamber, 2010, de Caritat and 
Grunsky, 2013). The laminated sequence facies b is interpreted to represent the 
background/baseline signal of sediments delivered during ‘normal’ flow conditions at the 
terminus of the MDB, which are dominated by perennial flows and higher flow efficiencies 
from the Murray River sub-basin (than the Darling).  
 
5.4.4.3 Facies c  
 
Facies c is characterised by grayish-olive layers of fine-to-medium sand-sized clasts, that 
overly hiatuses within the laminated sequence. A diagnostic sedimentary signature was not 
observed in either PCA or the clay mineralogical assemblages, possibly due to the effects of 
dilution with an increased sand-sized clast component. As such facies c was identified 
predominantly through grainsize characteristics and associated hiatus. Facies c is interpreted 
to represent lag deposits of exceptionally high-energy events in the system; high-flow 
velocities required to erode the laminated silt and clay sediments and entrain and transport 
coarse clasts from, presumably, upstream in the system. This physical process may imply a 
localised exceptionally high energy event originating from rainfall over the Mount Lofty 
Ranges, however a variable geochemical and mineralogical signature to support this 
hypothesis was not identified. As such these events are interpreted to represent Basin-wide 
peak discharges whereby both the floodpeaks for the Darling and Murray River sub-basins 
coincide. It follows that during Basin-wide floods the effective catchment area is at its 
maximum, connectivity of the sediment cascade in the Basin is at its strongest, and most of 
the sediment cascade is activated (Fryirs, 2013). 
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Figure 5.6. Mutiproxy analysis of laminated sequence in Sc-EFR2. a) Optical image and x-
radiograph of laminated sequence in Sc-EFR2. b) Grainsize distribution downcore (1cm 
increments). c) Principal component values of Itrax XRF data. d) Radiocarbon ages reported 
as cal years BP with 2 sigma errors. Ages obtained from wood samples and treated with a 
higher degree of confidence are presented in italics. e) Composite record of facies a to c 
identified from analysis of grainsize, geochemical and mineralogical proxies.  
   
 
 
148 
 
 
Figure 5.7. Mutiproxy analysis of laminated sequence in Sc-RG2. a) Optical image and x-
radiograph of laminated sequence in Sc-RG2. b) Grainsize distribution downcore (1cm 
increments). c) Principal component values of Itrax XRF data. d) Radiocarbon ages reported 
as cal years BP with 2 sigma errors. Ages obtained from wood samples and treated with a 
higher degree of confidence are presented in italics. e) Composite record of facies a to c 
identified from analysis of grainsize, geochemical and mineralogical proxies. 
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Table 5.4. Facies characterisation of the laminated sequence determined from analysis of 
physical, geochemical and mineralogical properties. 
Facies  Physical properties 
Geochemical 
properties 
Mineralogical 
properties  
Inferred 
source  
Interpreted 
hydrological regime 
a Clay rich  Enriched in Fe 
Quartz, 
Kaolinite, Illite, 
possible 
smectite  
Darling 
River sub-
basin, 
NEA 
Infrequent large 
floods from the 
Darling River sub-
basin 
b Silt rich Enriched in K, Rb 
Quartz, 
Kaolinite, Illite 
(river in Illite) 
Murray 
River sub-
basin, SEA 
Background/baseline 
flow dominated by 
contribution from the 
Murray River sub-
basin 
c 
Fine-
medium 
grained 
sands  
Mixed signal  - 
Darling 
and 
Murray 
sub-basins 
Exceptionally high 
energy events, Basin-
wide whereby flood 
peaks for both Darling 
and Murray sub-
basins coincide  
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5.4.5 Palaeoflood frequency  
 
From the results of facies characterisation it is possible to undertake a first pass assessment of 
the frequency of palaeofloods originating from the Darling River sub-basin (facies a) and 
from the MDB as a whole (facies c). From this, inferences can be made about hydroclimatic 
variability over eastern Australia during the mid to late Holocene.  
 
In this analysis, palaeofloods originating from the Darling River sub-basin were identified 
from Itrax data due to the high-resolution of the dataset. Where palaeoflood events occurred 
in rapid succession, an individual/discrete event was identified when the geochemical signal 
dropped below a PC score of zero, before the following event was recognised as a separate 
flood event. Palaeoflood frequency was established by combining the number of individual 
palaeofloods over 5cm increments downcore, to highlight periods of relative high versus low 
frequency. Basin-wide floods were identified using grainsize characteristics and underlying 
hiatuses. Limitations to these interpretations due to unconformities and hiatuses, within the 
record are acknowledged. Ages reported below are sub-sampled from wood and therefore 
give a high degree of confidence attributed to interpretation (depicted in italics in Figure 5.8 
and Figure 5.9).  
 
The laminated sequence in Sc-EFR2 captures large variability in palaeoflood frequency 
originating from the Darling River sub-basin (Figure 5.8). During the mid-Holocene a broad 
distinction is evident with a prolonged period of higher flood frequency ca. 6.1 ka 
transitioning to a prolonged period (centuries) of lower frequency, reflecting wetter and drier 
conditions in NEA’s hydroclimate respectively during the mid-Holocene. These prolonged 
periods appear to span hundreds of years, however tighter age control is required to 
substantiate this.  A relative increase in palaeoflood frequency from the Daring is evident 
during the short period of preservation in the late Holocene ca. 3.4 ka, potentially reflecting 
an increase in wet conditions in NEA. It may be possible to infer an overall increase in Basin-
wide flood events from the mid to late Holocene, and therefore synchronicity in wet 
conditions across NEA and SEA, however hiatus within the record obscure this 
interpretation.   
 
The laminated sequence in Sc-RG2 preserves a slightly older mid-Holocene record, from ca. 
6.6 ka, than Sc-EFR2 (Figure 5.9). In Sc-RG2 the mid-Holocene period reflects an overall 
broad transition in palaeoflood frequency from the Darling River sub-basin from high-low-
high, reflecting variability in hydroclimatic conditions over NEA from wet-dry-wet during 
the mid-Holocene period. Again, these prolonged periods likely span hundreds of years, 
however further investigation and age control is required to substantiate this. It is possible 
that the latter period of higher palaeofloods in Sc-RG2 onlaps to the period of higher 
frequency preserved at the base of Sc-EFR2.  
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Figure 5.8. Palaeoflood frequency and hydroclimatic variability inferred from Sc-EFR2. a) 
Radiocarbon ages, those obtained from wood samples and treated with a higher degree of 
confidence are presented in italics. b) Composite record of facies a to c identified from 
analysis of grainsize, geochemical and mineralogical proxies. c) Palaeoflood frequency 
highlighting periods of low versus high occurrence. d) Inferred hydroclimatic variability 
reflecting alternating flood and drought-dominated regimes for the MDB.   
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Figure 5.9. Palaeoflood frequency and hydroclimatic variability inferred from Sc-RG2. a) 
Radiocarbon ages, those obtained from wood samples and treated with a higher degree of 
confidence are presented in italics. b) Composite record of facies a to c identified from 
analysis of grainsize, geochemical and mineralogical proxies. c) Palaeoflood frequency 
highlighting periods of low versus high occurrence. d) Inferred hydroclimatic variability 
reflecting alternating flood and drought-dominated regimes for the MDB.   
 
  
   
 
 
153 
5.5 Discussion  
 
Facies a to c represent distinct detrital signatures diagnostic of sediments sourced and 
transported from the subtropical northern and temperate southern regions of the MDB, 
respectively, during the mid to late Holocene (at least 3.3 to 7.6 ka). Located at the terminus 
of the MDB the laminated sequence reflects sediments sequestered from geologically and 
climatically distinct regions of eastern Australia and 14% of eastern Australia’s landmass. 
Chapter 2 and 4 of this thesis hypothesised deposition within a central basin environment 
evolving during post-glacial sea level rise; a river valley drowned and outpaced by rising 
Holocene sea levels. The presence of pyrite identified in clay mineralogical assemblages in 
both cores provides preliminary support for this hypothesis suggesting an estuarine-marine 
environment, however this requires further investigation.  
 
The facies architecture of the laminated sequence reflects well the hydrologic regime of the 
MDB; large infrequent floods from the Darling River sub-basin (facies a) episodically 
overwhelming the baseline discharge dominated by perennial flows from the Murray River 
sub-basin and variable flows from the Darling River sub-basin (facies b) (Kennard et al., 
2010). Further investigation is required to detect/identify palaeofloods originating from the 
Murray River sub-basin. Exceptionally high-energy events that punctuate the record (facies 
c) are interpreted as Basin-wide peak discharges whereby flood peaks for the Darling and 
Murray sub-basins coincide, however this needs further investigation. High transmission 
losses from the headwaters of the Basin to the terminus of the system in South Australia, 
coupled with low sediment yield and delivery, suggest that the laminated sequence records 
sediment loads associated with peak discharges and extreme hydrological events (Scott, 
2001, Lu et al., 2006), a relationship established elsewhere in modern fluvial systems (Aalto 
et al., 2003, Darby et al., 2016). By proxy, sedimentary signatures in the laminated sequence 
reflect precipitation over the MDB and, more broadly, hydroclimatic variability over eastern 
Australia. Darling palaeofloods provide a far-field proxy record of NEA’s hydroclimate; 
large infrequent floods driven by tropical cyclones and monsoon depressions. Background 
discharges reflect a combination of NEA and SEA hydroclimate: episodic summer 
precipitation driven by the ASM, IOD ENSO, and IPO (Darling) and winter precipitation 
strongly influenced by the WW and SAM (Murray). Basin-wide events may be comparable 
to present-day record wet periods across eastern Australia such as the Basin-wide floods of 
1956 and 1974, whereby flood peaks for both the Darling and Murray sub-basins coincide. 
These modern-day Basin-wide floods have been attributed to negative IOD and IPO phases 
(Verdon and Franks, 2007, McGowan et al., 2009, Ummenhofer et al., 2009), which sheds 
light on the synchronous behaviour of theses climate systems and may be used as an 
indication of similar climatic behaviour during the Holocene.  
 
Analysis of palaeoflood frequency reveals that the sequence reflects alternating periods of 
high versus low palaeoflood frequency in the MDB, prolonged periods (centuries) of wet and 
dry hydroclimatic conditions in eastern Australia during the mid-late Holocene. Eastern 
Australia’s early Holocene hydroclimate was characterised by warm and wet conditions, 
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trending towards increased climatic variability and enhanced aridity during the Holocene 
(Fitzsimmons et al., 2013, Gouramanis et al., 2013, Petherick et al., 2013, Reeves et al., 
2013a, Reeves et al., 2013b). This variability is reflected in alternating periods of high versus 
low flood frequency in the laminated sequence. During the mid to late Holocene, eastern 
Australia experienced increasing variability and drier conditions, reduced fluvial discharges 
and an increase in discharge variability (Cohen and Nanson, 2007). Analysis of palaeoflood 
frequency originating from the Darling River sub-basin during this time implies prolonged 
(100+ year periods) of alternating wet and dry conditions for NEA between at least 6.1 to 6.6 
ka (Figure 5.8 & Figure 5.9). By proxy, this suggests prolonged periods of high/low 
variability in tropical cyclones and monsoon depression activity over eastern Australia, 
climate systems and extremes responsible for devastating and costly floods and droughts in 
NEA during present times. The late Holocene was characterised by increased climatic 
variability and enhanced aridity for much of the Australian region (Reeves et al., 2013a) 
reflected in decreased and variable fluvial activity (Cohen and Nanson, 2007, Petherick et al., 
2013). It may be possible to infer an overall increase in moisture delivery to NEA during the 
late Holocene from the laminated sequence ca. 3.4 ka (Figure 5.8). Further, an increase in 
sedimentary signatures (clay and Fe enrichment) for the Darling River sub-basin in Sc-EFR2 
during modern sedimentation suggests a greater contribution of discharge and precipitation 
over NEA in modern times when compared to the mid to late Holocene period (Figure 5.6b-
c). This interpretation however requires further investigation and stronger age control. 
Nevertheless, the findings presented here demonstrate the use of the laminated sequence as a 
palaeoflood archive for the MDB over millennial timescales during a period of increasing 
climatic variability and aridity.  
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5.6 Future work  
 
This paper presents a first pass assessment at characterising sedimentary signatures of the 
laminated sequence in the Coonambidgal Formation and reconstructing a Holocene 
palaeoflood record for the MDB. Further investigation is required to explore and characterise 
sedimentary signatures, specifically for identifying peak discharges originating in the Murray 
River sub-basin. It is possible that peak discharges from the Murray sub-basin have a lower 
mud content and therefore do not produce a distinctive sediment laden signature that 
overwhelms the background/baseline signal, rather it mixes and blends in. Further, 
connectivity of the sediment cascade throughout the Basin during peak discharges, 
influencing delivery of sediments to the terminus, requires exploration, as does the possibility 
of significant elemental alteration and/or modification during transport or from post 
depositional processes (i.e. enrichment and/or dilution), affecting provenancing of sediments 
from the Basin. In addition, further investigation is required establish a robust chronology for 
the laminated sequence and constrain age reversals in order to enable palaeoflood 
reconstruction. Further avenues for future investigation include:  
• What mechanisms are responsible for the deposition and preservation of laminae e.g. 
hypercynal flows, flocculation from salt influence groundwater, saltwater intrusion 
and stratification, 
• Why are sediments from Darling palaeofloods preserved in a distinctive laminae, 
whereas sediments from the Murray aren’t? Is this related to clay rich sediment laden 
density of flows originating from the Darling? 
 
5.7 Conclusion 
 
The record presented here captures MDB palaeoflood variability and precipitation to eastern 
Australia – from the subtropics to the mid-latitudes of the Southern Hemisphere - during the 
mid-late Holocene (ca. 7.6 to 3.3 ka). As such, the laminated sequence provides the first in-
situ high-resolution and multi-millennial archive of MDB palaeofloods and, by proxy, eastern 
Australia’s hydroclimatic variability. The broad spectrum of hydroclimatic data generated 
from the laminated sequence will be of significance in establishing a baseline of natural 
hydroclimatic variability for the MDB and eastern Australia, crucial for adaptive 
management of Basin resources (water security) and climate extremes under projected 
climate change. 
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6 CHAPTER 6 
 
6.1 KEY FINDINGS  
 
During the peak of the Millennium Drought in South Australia, historically low river levels 
triggered widespread riverbank collapse along the lower River Murray. The Millennium 
Drought failures represented rapid geomorphic change in a reach that is normally considered 
very stable and presented an unusual phenomenon, as bank failures are usually associated 
with floods and not prolonged drought. Geotechnical investigations undertaken during the 
drought identified a thick, soft, clay-unit underlying riverbanks that failed.  They concluded 
that the physical and mechanical properties of this unit were instrumental to the bank failures. 
Little is known about this stratigraphic unit in South Australia, previously recognised as the 
Coonambidgal Formation. This thesis has been centrally concerned with this mud unit in the 
lower River Murray; how and when it formed, its regional extent, what it tells us about 
climate change, and its geotechnical and geomorphic consequences. Through investigating 
this mud unit, this thesis has: 
i) Provided the first regional and detailed characterisation of the late Quaternary 
valley-fills of the River Murray in South Australia, with consequences for 
management of the riverbank collapse hazard (Chapter 2),  
ii) Identified locations along the lower River Murray at a greater risk of failure 
during future low flows, contributing to improved management of the riverbank 
collapse hazard in South Australia (Chapter 3),  
iii) Developed a new hypothesis for the geomorphic evolution of the lower Murray in 
response to post-glacial sea level rise, with implications for offshore sediment flux 
and palaeoclimate reconstructions during the Holocene (Chapter 4), and  
iv) Identified the first multi-millennial Holocene palaeoflood record for the Murray-
Darling Basin (MDB), a proxy record of eastern Australia’s hydroclimatic 
variability, which will contribute to long-term understanding of climate extremes 
and water availability in the MDB under projected climate change (Chapter 5).   
 
This chapter (Chapter 6) represents a synthesis of the key findings of this thesis in relation to 
the thesis objectives outlined in the Introduction in Chapter 1. For each chapter I outline what 
we knew before, what I did, and what we know now, whilst addressing the significance and 
implications of these findings and avenues for future research. An overall conclusion for this 
thesis follows this synthesis of key findings.  
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6.1.1 CHAPTER 2 – The late Quaternary River Murray in South Australia: investigation 
of valley-fill sediments and implications for modern riverbank collapse  
 
During the peak of the Millennium Drought in South Australia lowered river levels triggered 
widespread riverbank collapse along an approx. 200km reach of the lower River Murray. 
Geotechnical investigations undertaken during the drought identified that failures were 
associated with a thick, soft, clay-unit underlying riverbanks, which predisposed the channel 
margins to undrained failures following slow draw-down (Sinclair Knight Mertz., 2010, 
Coffey Geotechnics., 2012). The regional extent of this geotechnically problematic unit along 
River Murray, and therefore the extent of the riverbank collapse hazard, was uncertain. The 
nature and stratigraphy of the late Quaternary valley-fills in South Australia was poorly 
understood, with the majority of research focussed upstream along the Mallee and Riverine 
Plains in New South Wales and Victoria (Nanson et al., 1992, Nanson et al., 2003, Nanson et 
al., 2008, Page and Nanson, 1996, Page et al., 2009) and downstream along the Murray Coast 
(Bourman et al., 2000, Hill et al., 2009, Murray-Wallace et al., 2010). The upper valley-fill, 
Coonambidgal Formation, in South Australia had previously been described as fine-grained 
silts and clays late Pleistocene to Holocene in age (Firman, 1973, Brown and Stephenson, 
1991). It was not clear from existing literature whether the geotechnically problematic unit 
formed part of the broader Coonambidgal Formation in South Australia or was a regionally 
isolated unit. As such, the objective of this chapter was to determine the regional extent of the 
problematic unit and investigate the River Murray’s late Quaternary valley-fills using a 
Quaternary science approach. Specifically, in this chapter I considered the following 
questions: 
• What is the nature and character of the late Quaternary valley-fills of the River 
Murray in South Australia? 
• What is the nature and character of the Coonambidgal Formation (the upper valley-
fill) in South Australia?  
• What depositional environment was the Coonambidgal Formation deposited in? 
• What is the regional extent of the geotechnically problematic soft clay unit within the 
context of the Murray’s late Quaternary valley-fills? Does it form part of the broader 
Coonambidgal Formation or is it a regionally isolated unit? 
• What are the implications of these findings for management of the riverbank collapse 
hazard during future low flows? 
 
In this chapter I determined the regional extent of the geotechnically problematic unit through 
subsurface investigation of the Murray’s late Quaternary valley-fills. Existing engineering 
borehole logs (n=10), were combined with sediment cores (n=19) and cone penetrometer 
tests (CPTs) (n=11) acquired for this thesis at eleven sites along the lower Murray, to 
characterise the nature and stratigraphy of the valley-fills. These findings were analysed 
within the context of conceptual models depicting the response of wave-dominated estuaries 
and incised valleys to post-glacial sea level rise, in order to infer stratigraphic organisation 
(Dalrymple et al., 1992, Nichol et al., 1994, Zaitlin et al., 1994, Roy et al., 2001). Using these 
models it was possible to infer whether the problematic unit was part of a series of isolated 
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billabong/channel marginal embayment/swamps, or formed part of the broader 
Coonambidgal Formation as was deposited within a regionally extensive central basin 
environment. The key findings, implications and avenues for future research from this 
subsurface investigation are outlined herein. What I discovered about the Coonambidgal 
Formation formed the basis of the remainder of this thesis; explorations of its depositional 
origins, its implications for modern riverbank collapse, and its use as a palaeoflood record for 
the MDB.  
 
1. Key finding - The Coonambidgal Formation in South Australia is characterised 
ubiquitously by fine-grained silts and clays, increasing in thickness from 10m to 
greater than 40m in the 200 river kms between Blanchetown and Wellington. The unit 
displays an overall downstream fining trend with an increase in the clay component 
towards the river mouth. The upper 15m of the unit between Mannum and Wellington 
(approx. 80km) preserves a laminated sequence.  
 
This is the first regional and detailed characterisation of the Coonambidgal Formation in 
South Australia, the River Murray’s upper valley-fill sequence, a previously understudied and 
poorly understood reach. Prior to this investigation the nature and origins of the 
Coonambidgal Formation in South Australia was unexplored in scientific literature.   
 
2. Key finding – Based on conceptual models for incised valley systems and their 
stratigraphic organisation in response to sea level rise, the regional extent and 
characteristics of the Coonambidgal Formation imply that the unit formed in a central 
basin depositional environment, a drowned river valley that existed during the 
Holocene highstand. The Murray central basin extended approx. 200 river km from 
the Murray Coast towards Blanchetown at its maximum extent, confined within the 
0.5km to 1km wide Murray valley. A deep-water depositional environment is 
evidenced through an absence of oxidation or pedogenesis throughout the sequence, 
and the preservation of laminated bedding structures.  
 
From these findings, I proposed the Murray central basin hypothesis, contributing the first 
model for the Holocene evolution of the lower River Murray in scientific literature. This 
model is depicted in Figure 6.1, combining the results of subsurface investigation from this 
chapter and existing literature for the region. Further exploration of the Murray central basin 
hypothesis, the geomorphic evolution of the Murray in response to post-glacial sea level rise, 
became the focus of further investigation addressed in Objective 3 - Chapter 4 of this thesis.  
 
3. Key finding - The Coonambidgal Formation represents fluvial sediments sequestered 
at the terminus of the large MDB system, which drains 14% of Australia’s landmass 
and covers geologically and climatically distinct regions. Terrigenous sediment flux 
offshore to the Murray Canyons from the MDB has been used as a proxy for eastern 
Australia’s hydroclimatic variability (Gingele and De Deckker, 2004, Gingele et al., 
2004, Gingele et al., 2007, Bayon et al., 2017). However, storage of sediments at the 
terminus of the MDB likely disrupts this sediment cascade offshore, with implications 
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for sediment flux to the continental shelf and Murray Canyons. Implications of this 
dis(connectivity) are explored in Objective 3 - Chapter 4 of this thesis. 
 
4. Key finding - The upper 15m of the Coonambidgal Unit between Mannum and 
Wellington (approx. 80 river km) preserves a laminated sequence characterised by 
olive-black silts interbedded with hundreds of light-grey clay rich laminae, and 
occasional coarser layers associated with erosional unconformities. Characterising 
sedimentary signatures of the laminated sequence in order to reconstruct a 
palaeoflood record for the MDB was explored in Objective 4 - Chapter 5 of this 
thesis.  
 
5. Key finding - The soft clay unit identified as geotechnically problematic in 
engineering investigations forms the broader fluvial Coonambidgal Formation, the 
upper-valley fill within which the present day-river has incised. Implications for the 
riverbank collapse hazard are that all riverbanks between Blanchetown and 
Wellington (200km reach) are underlain by the problematic unit, and therefore are at 
risk of failure during future low flows. Further investigation is required to investigate 
controls on the spatial distribution of failure and constrain the riverbank collapse 
hazard, with questions remaining why some riverbanks failed over others if all are 
underlain by the same unit. This is addressed in Objective 2 - Chapter 3 of this thesis.  
 
The key findings of this chapter can be extended by: 
• Investigation of sedimentary characteristics of the valley-fills and central basin 
depositional environment between Blanchetown and Mannum (upstream of this 
present study) through acquisition of sediment cores and CPTs. 
• Investigation of sedimentary characteristics of the late Pleistocene Monoman 
Formation through acquisition of sediment cores and CPTs that penetrate both valley-
fill sequences. 
• Investigation of the lateral/valley-wide relationship of the late Quaternary valley-fills 
between Blanchetown and Wellington through acquisition of sediment cores and 
CPTs in cross-sections across the Murray valley.  
 
These investigations will complement the findings from this chapter and expand our 
knowledge of the previously understudied late Quaternary valley-fills in South Australia. 
Analysis of these stratigraphic units will shed light on environmental change in the MDB 
from sediment delivery and sediment budgets, to transitions in fluvial character and regimes 
in response to hydroclimatic variability due the late Quaternary.  
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Figure 6.1. Idealised model for the lower River Murray depicting the Murray central basin hypothesis introduced in Chapter 2 of this thesis. The 
central basin environment exists over at least 200 river kms upstream to Blanchetown confined within the narrow 0.5m to 1km wide gorge. 
Results of subsurface investigation depicting the extent of the central basin deposit, the Coonambidgal Formation, are also depicted.    
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6.1.2 CHAPTER 3 – Explaining the distribution of riverbank collapses during 
Australia’s ‘Big Dry’: the role of antecedent controls and geomorphic legacy on the 
River Murray in South Australia 
 
Subsurface investigation of the River Murray’s late Quaternary valley-fills in South Australia 
(undertaken in Chapter 2 of this thesis) revealed that the geotechnically problematic fine-
grained unit underlies all riverbanks along the lower River Murray between Blanchetown and 
Wellington (approx.. 200km). This silt and clay rich unit characterises the Coonambidgal 
Formation in South Australia, the upper valley-fill into which the present-day river has 
incised. From this investigation controls on the spatial distribution of failure remained 
unclear. As such, the objective of this chapter was to investigate trends in the spatial 
distribution of failure along the River Murray in order to constrain the riverbank collapse 
hazard. In this chapter I considered the following questions: 
• Why did some riverbanks fail over others, if all are underlain by the problematic soft 
clay unit? 
• What do bathymetric surveys reveal about the nature and character of riverbank 
collapse? 
• What factors explain the spatial distribution of failure on the lower River Murray in 
South Australia?  
• Does mapping reveal trends and associations in the spatial distribution of failure and 
specific geomorphic and hydraulic processes? 
• Is it possible to identify areas at a higher risk of failure to inform targeted 
management strategies during future low flows?  
 
I undertook geomorphic mapping of the River Murray in three reaches between Mannum and 
Wellington to investigate trends and associations in the spatial distribution of failure. High 
resolution (1m) bathymetric datasets acquired in this study were used in combination with 
pre-existing spatial datasets. An established taxonomic framework was used to identify 
margins, structural elements and geomorphic units which exert a critical control upon river 
character, resulting in form-process relationship from which the assemblage of fluvial 
landforms, their spatial pattern and configuration can be inferred (Wheaton et al., 2015). The 
key findings, implications and avenues for future research from geomorphic mapping are 
outlined herein. 
1. Key Finding – From analysis of bathymetric surveys I identified clustered ‘failure 
zones’ along the Caloote and Murray Bridge reaches of the lower Murray. Within 
these zones I categorised two co-located types of failure; deep-seated rotational 
failures that occurred during the Millennium Drought and older shallow-planar 
failures that were previously unreported prior to this investigation. In addition to these 
zones, failures also occurred as isolated single/discrete events along channel margins.  
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2. Key Finding – Geomorphic mapping revealed the geomorphic association of high-
risk deep-seated failures and structurally forced scour pools associated with bedrock 
valley constrictions or mid-channel bedrock outcrops. The majority (67%) of deep-
seated failures were associated with scour pools, although some failures occurred 
upstream of scour pools (13%) or along planar/glides runs (20%). All deep-seated 
failures occurred were channel depths exceeded -10m AHD. Hydraulic processes at 
bedrock valley constrictions and mid-channel outcrops force hydraulic processes 
which scour the channel bed around the obstruction and for some distance 
downstream. As such riverbanks at these locations have steeper slopes and greater 
bank heights, increasing their susceptibility to fail during future low flows (lowering 
their factor of safety).  
 
3. Key Finding – The relationship between failures and structurally forced pools was 
also evident in analysis of Murray channel widths and depths (Figure 3.9). Scour 
pools from bedrock channel constrictions can be identified through a concurrent 
decrease in channel widths and increase in channel depths (Figure 3.9). Geomorphic 
mapping at Caloote and Murray Bridge confirmed a concentration of failures at these 
locations. Based on this relationship it is possible to predict areas with the potential 
for failure in the absence of high-resolution bathymetry.  
 
This analysis provides the first identification of factors which influence the spatial 
distribution of failure along the lower Murray. Further, the relationship between channel 
width and depth provides a practical first pass assessment to identify reaches along the River 
Murray at a greater risk of failure, contributing to improved management during future low 
flows. 
 
4. Key Finding – The Holocene legacy of the River Murray (Coonambidgal Formation) 
predisposed riverbanks to failure during the Millennium Drought, whilst local 
antecedent controls dictate the spatial distribution of failure. Falling river levels 
during the Millennium Drought simulated base level fall in the regulated lower 
Murray reach, increasing critical bank heights and instigating channel widening 
processes (riverbank collapse). This represents a normal fluvial process associated 
with the long-term evolution of fluvial systems, yet occurred under anthropogenic 
circumstances. This suggests channel margins which have already failed are still at 
risk of failure during future extreme low flows through lateral adjustment.  
 
This finding will inform management of pre-existing riverbank collapse along the River 
Murray in South Australia during future low flows. 
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The key findings of this chapter can be further extended through: 
• Logistic regression analysis in order to strengthen the relationship between riverbank 
collapse and scour pools along the lower Murray channel, through modelling of 
dependent and independent variables such as riverbank height, riverbank slope, scour 
pools, valley/mid-channel bedrock outcrops, non/vegetated channel margins etc.  
• Further investigation of riverbank collapse during prolonged drought conditions 
through detailed analysis of resisting and driving forces and drought-induced 
processes that contributed to the Millennium Drought Failures. 
• Investigation of hydraulic processes and discharges to better understand controls on 
the formation and maintenance of scour pools under the current heavily regulated 
regime in the lower Murray.  
 
These investigations will complement the findings of this chapter by contributing to our 
knowledge of the driving mechanisms and processes responsible for riverbank collapse in the 
lower Murray, informing management of the hazard during future prolonged drought and low 
flows. These findings will also contribute to scientific knowledge of riverbank collapse 
during lowered river levels for other low sloped fluvial systems with cohesive bank materials.  
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Figure 6.2. Results of geomorphic mapping and failure identification in the context of width and depth analysis of the lower Murray channel 
between Mannum and Wellington.  
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6.1.3 CHAPTER 4 – New perspectives on the geomorphic evolution of the River Murray 
in South Australia: evolution of a central basin with implications for offshore 
sediment flux  
 
The geomorphic evolution of the River Murray system in South Australian is poorly 
understood, with previous studies focussing upstream on the Riverine and Mallee Plains in 
New South Wales and Victoria (Nanson et al., 1992, Nanson et al., 2003, Nanson et al., 2008, 
Page and Nanson, 1996, Page et al., 2009) and downstream along the Murray Coast 
(Bourman et al., 2000, Hill et al., 2009, Murray-Wallace et al., 2010). The transfer of 
sediment across the fluvial to marine interface, its (dis)connectivity, although a fundamental 
pathway in the source to sink sediment cascade, is also poorly understood. Current 
palaeoclimate reconstructions draw heavily upon cores (MD03-2607 and MD03-2611) from 
the Murray Canyons located on the continental Lacepede Shelf as a proxy for MDB 
discharge and, by implication, eastern Australia’s hydroclimatic variability (Gingele and De 
Deckker, 2004, Gingele et al., 2004, Gingele et al., 2007, Bayon et al., 2017).  
 
Subsurface investigation undertaken in Chapter 2 revealed that the Coonambidgal Formation 
in South Australia is characterised by a laminated fine-grained silt and clay rich unit. Within 
Chapter 2 the Murray central basin hypothesis was proposed based on the results of 
subsurface investigation and on conceptual models of incised valleys and their response to 
post-glacial sea level rise. The objective of this chapter (Chapter 4) was to investigate in 
more detail the geomorphic evolution of the lower River Murray in response to post-glacial 
sea level rise, the Murray central basin hypothesis, and assess controls on offshore sediment 
flux. In this chapter I considered the following questions: 
• What is the age of deposition of the fine-grained Coonambidgal Formation?  
• How did post-glacial sea level rise contribute to the genesis and evolution of the 
lower Murray’s central basin environment?  
• Is there evidence for the Murray central basin hypothesis preserved elsewhere in 
South Australia? 
• How does the Murray central basin hypothesis sit within the context of existing 
regional literature?  
• What are the implications for connectivity of the sediment cascade and transfer from 
source to sink (river to ocean) of the Murray central basin hypothesis? 
 
In this chapter radiocarbon dating was undertaken to constrain the timing of deposition of the 
central basin muds from two sediment cores located 80 km apart at Mannum and Riverglen. 
These findings were discussed in the context of existing literature covering the late 
Quaternary evolution of the MDB and Murray Coast (from source to sink), and more broadly 
the global response of fluvial systems to post-glacial sea level rise. The key findings, 
implications and avenues for future research are outlined herein. 
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1. Key finding – The uppermost section of the central basin deposit (Coonambidgal 
Formation) captures sedimentation within the mid to late Holocene between ca 3.3 ka 
and 7.6 ka. Subsurface investigation presented in Chapter 2 suggests that the base of 
the unit extends into the early Holocene. Preliminary assessment of sediment cores 
suggests a sedimentation rate of >1.5m for a thousand year period, however due to the 
presence of unconformities and hiatuses within the record this requires further 
investigation.   
 
These are the first ages provided for the Coonambidgal Formation in South Australia, 
contributing to our understanding of the timing of sediment sequestration onshore, important 
for interpreting the offshore Murray Canyon archives.  
 
2. Key Finding – The geomorphic evolution of the Murray central basin is part of the 
global response of rivers to post-glacial sea level rise. As sea level approached the 
modern coastline it drowned the low slope Murray valley, which sat below sea level 
during this time (approx. -20m AHD). Sea level rise outpaced fluvial aggradation 
creating accommodation space faster than could be balanced by fluvial sediment 
infilling, resulting in the genesis of an elongate central basin environment and open 
water body confined within the narrow Murray valley. Melt Water Pulse 1C 
(MWP1C) triggered an abrupt jump in early Holocene sea level and likely contributed 
to outpaced aggradation and drowning of the Murray valley. The central basin existed 
at its maximum extent during the mid-Holocene highstand, extending at least 200 
river kms upstream towards Blanchetown in South Australia confined within the 
narrow the 0.5-1km Murray gorge. This is supported by subsurface investigation and 
characterisation of the Coonambidgal Formation undertaken in Chapter 2 of this 
thesis.  
 
This finding provides new perspectives on the late Quaternary evolution of Australia’s most 
studied river system. The Murray central basin hypothesis explored in this chapter contributes 
the first model for the geomorphic evolution of the lower River Murray in response to post-
glacial sea level rise. The South Australian reach of the River Murray was previously 
unexplored in the scientific literature. This hypothesis has implications for human-
environment interactions along the lower Murray and the spatial distribution of human 
occupation sites (archaeological evidence) during the Holocene. This hypothesis also has 
implications for the fresh/saltwater history of the Lower Lakes Alexandrina and Albert 
during the Holocene, currently debated in the scientific literature.  
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3. Key Finding – The Murray central basin sequestered sediments from the MDB for 
much of the Holocene, acting as a filter for offshore sediment flux to the Murray 
Canyons marine cores. This is reflected in the offshore record as a decline in 
terrigenous sediment flux during the Holocene (Figure 6.3). Sediment transfer 
offshore is controlled by peak fluvial-discharges from extreme hydrological events, 
which episodically reinstate connectivity of the sediment cascade offshore.  
This finding has implications for the use of the Murray Canyon record as a proxy for eastern 
Australia’s hydroclimatic variability. The declining signal offshore does not solely reflect 
continental aridity but likely relates more to the geomorphic evolution of the lower River 
Murray and hydrogeomorphic processes occurring at the marine-fluvial interface. To date 
approximately 15 scientific publications refer to the decline in terrigenous sediment flux 
offshore as in indicator of increasing climatic aridity. The use of the Murray Canyon cores 
for this interpretation during the Holocene should be considered with a degree of caution. 
Moreover, the fine-grained and laminated Coonambidgal Formation preserved onshore at the 
terminus of the MDB compliments the absence of the offshore record.  
 
The key findings of this chapter can be further extended through: 
• Further investigation of the age of the Coonambidgal Formation in order to constrain 
the timing of deposition and sediment sequestration onshore within the central basin 
environment, in order to inform interpretations of the offshore Murray Canyon 
paleoclimate records.  
• A comparison of the age and spatial distribution of human occupation sites along the 
lower River Murray to shed light on the genesis and evolution of the Murray central 
basin hypothesis.  
• Further investigation of the dynamics and extent of seawater ingress upstream within 
the central basin through hydrodynamic modelling, analysis of diatom assemblages, 
geochemical proxy indicators to better understand palaeoenvironemntal change of the 
lower Murray in response to post-glacial sea level rise.   
 
These findings will further complement the Murray central basin hypothesis and contribute to 
our understanding of the geomorphic evolution of low sloped fluvial systems in response to 
post-glacial sea level rise. Importantly these investigations will contribute to knowledge of 
the geomorphic controls on the sediment cascade offshore for fluvial systems, with 
implications for interpretations of continental palaeoclimate in marine archives.  
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Figure 6.3. Decline in terrigenous sediment flux (clay/silt ratio) recorded in Murray Canyon 
cores (MD03-2607 and MD03-2611). The decrease in sediment flux is compared to records 
of eastern Australia’s hydroclimate, sea level histories for South Australia, and the timing of 
the geomorphic evolution of the lower Murray’s central basin. The declining sediment flux 
offshore during wet hydroclimatic conditions (1) is a result of the sequestration of sediments 
from the MDB onshore in response to post-glacial sea level rise and the genesis of the 
Murray central basin (2).    
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6.1.4 CHAPTER 5 – Identification of a Murray-Darling Basin palaeoflood record: a 
proxy record of eastern Australia’s hydroclimatic variability during the Holocene   
 
There are few records capable of inferring long-term trends in discharge and hydroclimatic 
variability from the MDB. Existing records rely on proxy records of precipitation from sites 
located outside of the Basin and limited to the last millennium (Verdon and Franks, 2007, 
McGowan et al., 2009, Gallant and Gergis, 2011, Gergis et al., 2012, Vance et al., 2013, Ho 
et al., 2015, Vance et al., 2015). Recent climate extremes such as the Millennium Drought 
(1997-2010) and the Brisbane Floods (2011) have caused significant social, economic, 
agricultural and environmental damage in the MDB (and more broadly eastern Australia). In 
order to increase Australia’s preparedness and resilience to these extremes, there is a need to 
increase our understanding of Australia’s hydroclimatic variability over longer timescales. 
Subsurface investigation in Chapter 2 of this thesis revealed a laminated sequence preserved 
at the terminus of the MDB within the lower River Murray valley-fills. The objective of this 
chapter was to reconstruct a palaeoflood record for the Murray-Darling Basin from the 
stratigraphy of the lower Murray’s laminated sequence. In this chapter I considered the 
following questions: 
• What sedimentary signatures characterise the laminated sequence?  
• Can the character of the laminations identify and distinguish floods originating from 
the Murray versus the Darling sub-catchments? 
• Is it possible to reconstruct palaeoflood frequency from the laminated sequence? 
• What does this tell us about hydroclimatic variability during the Holocene and the 
synchronous/asynchronous behaviour of climate drivers?  
 
In this chapter I characterised the sedimentary signatures of the laminated sequence using 
multi-proxy analysis to identify distinct detrital signatures. Grainsize distributions were 
determined using a Malvern master sizer, geochemical properties through Itrax X-ray 
fluorescence (XRF) and mineralogical properties through X-ray powder Diffraction (XRD). 
These findings were considered in the context of existing literature for MDB sediment yield, 
delivery and hydrologic regime. The key findings of this analysis, implications and avenues 
for future research are outlined herein. 
 
1. Key Finding – Three distinct detrital signatures were identified from the laminated 
sequence, reflecting well the hydrological regime of the MDB. The 
background/baseline signal in sediment cores (facies b) reflects discharges dominated 
by perennial flows from the Murray sub-basin and variable flows from the Darling 
sub-basin. This signal is diagnostic of winter precipitation over SEA driven by the 
WW and SAM and summer precipitation over NEA driven by ASM, IOD, ENSO and 
IPO. Two distinctive flood signals were further identified. Light-gray laminae (facies 
a), which overprint upon this background/baseline signal, reflect large infrequent 
floods sourced from the Darling River sub-catchment and are diagnostic of 
precipitation driven by tropical cyclones and monsoon depressions over NEA. 
Coarser fine-medium grained sand lenses (facies c) associated with unconformities 
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and hiatus within the laminated sequence represent Basin-wide peak discharges 
whereby both flood peaks for the Murray and Darling Rivers coincide. These may be 
diagnostic of negative IOD and IPO phases. These climate extremes are likely 
responsible for discharges that reinstate connectivity offshore during the Holocene 
history of the Murray central basin.  
 
This sedimentary characterisation provides a direct record of peak discharges and climate 
extremes (floods) in NEA and the MDB as a whole, a palaeoflood record that can be used to 
inform future management of climate extremes in eastern Australia. This represents the first 
direct record capable of inferring discharges from the MDB over multi-millennial time scales. 
Previous records were located outside of the basin, limited to the last millennia, and relied on 
proxy indicators of precipitation to infer discharge (Verdon and Franks, 2007, McGowan et 
al., 2009, Gallant and Gergis, 2011, Gergis et al., 2012, Vance et al., 2013, Ho et al., 2015, 
Vance et al., 2015). Data generated from further analysis of this sequence will contribute 
improved understanding of eastern Australia’s climate extremes and inform long-terms 
perspective on infrastructure resilience and community preparedness. 
 
2. Key Finding – The laminated sequence reflects alternating periods of high versus low 
palaeoflood frequency in the MDB, prolonged periods (centuries) of wet and dry 
hydroclimatic conditions in eastern Australia during the mid-late Holocene (Figure 
6.4). The record implies alternating periods of high-low discharges from the Darling 
sub-catchment, and by proxy, increased-decreased tropical cyclone and monsoon 
activity over NEA between ca. 6.1 to 6.6 ka, during a period of increasing climatic 
variability (Figure 6.4d). Further, the record may imply an overall increase in 
discharges and moisture delivery to NEA ca. 3.4 ka during increasing late Holocene 
aridity, however this requires further investigation.  
 
These findings contribute to knowledge on the synchronous/asynchronous behaviour of 
specific (isolated) synoptic-scale climate drivers during the Holocene. Data from further 
analysis of this sequence will be of significance in establishing a baseline of natural 
hydroclimatic variability for the MDB and eastern Australia, extending the short instrumental 
record, crucial for adaptive management of Basin resources (water security) under projected 
climate change.  
 
The key findings of this chapter can be further extended by: 
• Further investigation of sedimentary signatures in the laminated sequence, 
particularly to identify palaeofloods originating from the Murray sub-catchment. 
• Investigation of the mechanisms responsible for deposition and preservation of a 
distinct palaeoflood signal, in order to inform interpretation of the palaeoflood record.  
• Stronger age control through methods such as optically stimulated luminescence 
(OSL) to constrain palaeoflood frequency during the Holocene period.  
These investigations will extend the findings of this chapter and contribute to the 
development the first multi-millennial palaeoflood record for the MDB. 
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Figure 6.4. Palaeoflood frequency and hydroclimatic variability inferred from Sc-EFR2. a) 
Radiocarbon ages, those obtained from wood samples and treated with a higher degree of 
confidence are presented in italics. b) Composite record of facies a to c identified from 
analysis of grainsize, geochemical and mineralogical proxies. c) Palaeoflood frequency 
highlighting periods of low versus high occurrence. d) Inferred hydroclimatic variability 
reflecting alternating flood and drought-dominated regimes for the MDB.   
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6.2 CONCLUSION  
 
This thesis began using a Quaternary science approach to investigate recent riverbank 
collapse along the River Murray in South Australia. Previous geotechnical investigations had 
identified that a soft clay unit underlying riverbanks was instrumental in the failures. This 
thesis has been centrally concerned with this stratigraphic unit; how and when it formed, its 
regional extent, what it tells us about climate change, and what its geotechnical and 
geomorphic consequences are. I identified that the soft clay unit responsible for collapse, the 
upper valley-fill and Coonambidgal Formation in South Australia, is characterised by a thick 
fine-grained clay and silt rich unit between Blanchetown and Wellington (approx. 200 river 
kms). The unit formed in response to post-glacial sea level rise during the Holocene, sea level 
rise drowning the River Murray valley and forming an elongate central basin confined within 
the Murray valley. The geomorphic legacy of the River Murray established here was 
instrumental in contributing to the Millennium Drought failures, the Holocene unit 
predisposing banks to fail during lowered river levels. Furthermore, geomorphic mapping 
revealed the role of antecedent controls on the spatial distribution of failure along the River 
Murray, allowing for identification of failure prone zones for improved management during 
future low flows. Investigation of the Murray central basin hypothesis has important 
consequences for the use of offshore marine archives as indicators of continental aridity from 
the Basin, and more broadly the connectivity of offshore sediment flux to marine archives 
globally. Not only did investigation of the lower Murray’s geomorphic legacy improve 
understanding of the risk of riverbank collapse, but it also provided an opportunity to 
establish a long-term record of eastern Australia’s hydroclimatic variability and inform water 
security management, the unit preserving the first multi-millennial palaeoflood record for the 
Murray-Darling Basin.  
 
Overall, this study provides a detailed understanding of riverbank collapse for the lower 
Murray, which will improve management strategies for this region with social-economic 
implications. It also represents a paradigm shift in our comprehension of the lower Murray 
with evidence of a central basin environment during the Holocene. Understanding the filling 
of the Murray central basin changes the way we interpret the offshore sediment records, and 
existing palaeoclimate reconstructions that rely on them. Finally, the palaeoflood record 
preserved in the Coonambidgal Formation presents opportunities for documenting climate 
extremes and the overall hydroclimatic history of the MDB at an unprecedented resolution. 
Future work on this palaeoflood archive will further our understanding of water availability 
in the MDB with implications for management of Australia’s food bowl. 
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